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Abstract 
  The study described in this dissertation aims to clarify the effective conditions for a 
shock wave sterilization method theoretically, analytically, and experimentally. The 
shock wave sterilization method kills marine bacteria mechanically and biochemically 
using rebound shock waves and free radicals generated from the collapse of 
microbubbles. It is thought that an ideal microbubble motion achieves a high 
sterilization effect. To determine the optimal collapse conditions for the microbubbles, a 
theoretical analysis and optical observation are proposed. The sterilizing potential of the 
shock wave sterilization method is also evaluated using the experimental and analytical 
approaches. This dissertation goes on to present the conditions needed to attain a high 
level of sterilization.  
The Herring bubble motion equation is employed to theoretically analyze the collapse 
of the microbubbles as they interact with a shock pressure. A point-symmetrical 
differential scheme combined with the theoretical solutions to the Herring equation 
numerically simulates the generation and propagation of a spherical underwater shock 
wave from the first rebound of a microbubble. It is found that the collapsing motion of 
the microbubble depends primarily on the size of the bubble, the shape and strength of 
the shock wave front for the pressure profile of an incident shock wave. Hence, an 
optimal bubble diameter is determined by an ideal bubble collapse so that a sterilization 
effect could be achieved. On the other hand, the behaviors of the collapsing 
microbubbles as they interact with an electric-discharge shock wave, such as shock 
wave propagation, their rebound, and micro-jet formation, are captured by microscopic 
and ultra-high-speed observations. Given the good agreement between the optical 
visualization and the theoretical solution obtained with the Herring equation, bubbles 
with a diameter of less than 50 m after the passing of a shock pressure wave exhibit an 
ideal spherical collapse because of their relatively large surface tension. In addition, a 
new means of quantifying the pressure is developed using a background-oriented 
schlieren method to measure underwater shock waves generated by the collapse of a 
microbubble. 
  
    Bio-experiments with marine Vibrio sp. are carried out to investigate the effect of 
the shock sterilization in three kinds of water chamber. Effective sterilization is clarified 
with a supply of air microbubbles from a bubble generator. However, good sterilization 
is also attained with only incident shock waves. This is thought to be closely related to 
the cavitation bubbles that are generated behind the focus of the underwater shock 
waves. Next, the sterilization effect is clearly observed with only shock waves and 
cavitation bubbles that produced by the concentration of reflected underwater shock 
waves and the propagation of shear waves in the wall material. The results of the 
bio-experiments suggest that effective sterilization requires a large number density of 
bubbles, a high pressure, and a high frequency of incident shock waves.  
  From the viewpoint of the analytical study, a hybrid estimation method consisting 
of a biological probability model for cell viability and a model of the physical impact 
interaction between a microbubble and a shock wave is proposed to predict the shock 
sterilization effect for the experimental water chamber. The estimates of the sterilization 
effect as obtained using the hybrid analytical method are found to be in good agreement 
with the results of the bio-experiments. Furthermore, the method is also found to be 
capable of estimating the values of the related parameters such as the critical pressure 
for marine bacteria and the number density of the bubbles. 
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Notations 
 : setting angle of optical fiber, °.  
U: vector of conservative variables. 
F: flux vector. 
G: attenuation vector. 
t: time. 
r: radial coordinates. 
P: pressure, Pa. 
:  density, kg/m3. 
u: velocity, m/s. 
A: Jacobian matrix of flux. 
j: abscissa coordinates. 
k: ordinate coordinates. 
rd:  diameter of high-pressure water sphere. 
dc: length of computational area. 
: bubble’s surface tension, N/m. 
: viscosity coefficient, Pa. 
R: bubble radius, m. 
C∞: speed of sound in water at infinity, m/s. 
∞: density of water at infinity, kg/m. 
Ps:  pressure inside bubble, Pa. 
P∞: external pressure behind induced shock wave, Pa. 
Pl: pressure of vapor gas inside bubble, Pa 
Pg: pressure of non-condensable gas inside bubble, Pa 
Pg0:  initial pressure of non-condensable gas inside bubble, Pa 
Pin0: initial pressure of non-condensable gas pressure inside bubble, Pa. 
R0: initial radius of bubble, m. 
: specific heat ratio of air in bubble motion equation. 
Ŕ: time differential radius, m/s. 
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P′: pressure at wall of bubble, Pa. 
r∞: radius of liquid at r = ∞. 
V: volume of water sphere, m
3
. 
N: number of bacteria around microbubble. 
rs: radius of sterilized space, m. 
M: number of microbubble collapse events. 
N1: number of the bacteria located in sterilized space. 
Rb: microbubble radius when rebound shock wave is generated, m. 
1: cell viability ratio of bacteria after first rebound. 
1: cell inactivity ratio of bacteria after first rebound. 
:  cell viability ratio after M collapse events. 
Pcr:  critical pressure that damages cell wall of marine Vibrio sp., MPa. 
:  computational grid coordinate in analysis of a rebound shock wave. 
mair: rate of air volume supplied to microbubble generator, ml/min. 
mw: rate of water volume supplied by pump, ml/min. 
Rb: minimum radius of microbubble, m. 
Vt: volume of targeted subject , m
3
. 
N : number density of microbubbles in targeted volume Vt, m
-3
. 
ZD: distance from background to discharge point, mm. 
ZB: distance from background to lens, mm. 
∆ZD: half width of region of density gradient, mm. 
f : focal distance of lens, mm. 
x: axis vertical to optical path. 
y: axis vertical to optical path. 
z: optical path. 
y: deflection angle of y axis, °. 
x: deflection angle of x axis, °. 
∆y’: displacement at background on y axis, mm. 
∆y: displacement at screen on y axis, pix. 
∆x’: displacement at background on x axis, mm. 
∆x: displacement at screen on x axis, pix. 
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n0: 1.3333 at 15°C under atmospheric pressure. 
i: row in image, pix. 
j: column in image, pix. 
k: frame of image. 
fijk: image brightness at intersection. 
( fijk)x: partial derivatives of image brightness with x. 
( fijk)y: partial derivatives of image brightness with y. 
( fijk)t: partial derivatives of image brightness with t. 
bias: bias error. 
rms: random error. 
m: number of estimated values used in analysis. 
dmeas,i: mean value of estimated values, pix. 
d: true value of displacement, pix. 
d
’
meas: estimated value used in analysis, pix. 
N: integration of refractive index difference along optical path. 
B: constant value of 2963 bar. 
: 7.415 specific heat ratio. 
P0: 1.013 × 10
5
 Pa. 
Lpix: number of pixels corresponding to the length of the square 
interrogation window. 
L1: distance from discharge point to bottom of silicone bag, mm. 
L2: height of air layer, mm. 
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CHAPTER 1 
Introduction 
1.1 Research Background 
Recently, the invasion of nonindigenous species with ships’ ballast water has become a 
very serious issue for local marine ecosystems. The International Maritime Organization 
(IMO) reports that 3–5 billion tons of ballast water is used in ships around the world 
every year. A ship carries ballast water containing marine bacteria from one port to 
another. As the ballast water is released, these nonindigenous bacteria may damage the 
local marine ecology systems. Accordingly, the IMO adopted the International 
Convention for the Control and Management of Ships’ Ballast Water and Sediments 
(BWM Convention) in 2004 to prevent, minimize, and ultimately eliminate the risks to 
the environment, human health, property, and resources arising from the transfer of 
harmful aquatic organisms and pathogens (International Maritime Organization 2004). 
The BWM Convention will come into force in September 2017. To satisfy the stringent 
regulations governing the discharge of ships’ ballast water, treatment systems are being 
developed worldwide. These systems can use either shore-based or ship-based 
technologies. In shore-based methods, facilities for treating ballast water are provided by 
the port and the ballast water is transferred from the ship to the onshore facilities. 
Factors such as the amount of space available in the port, the required scale of the 
treatment system, and the type of the ship limit the installation of such facilities. The 
ship-based technology can be classified into ballast water exchange, physical, and 
chemical methods (Tsolaki and Diamadopoulos 2010). A combination of these methods 
would appear to be more effective than any one single method. One of the most popular 
treatment systems removes relatively large organisms and sediment using primary 
separation techniques such as filtration or hydro cyclones. Any microorganisms are killed 
using either mechanical methods such as ultraviolet radiation or ultrasound, or chemical 
methods such as the use of biocides, ozone, or hydrogen peroxide. However, to enable the 
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installation of a treatment system on a ship, some criteria for choosing the treatment 
method could be: 
 Safety of the crew and passengers, 
 Efficacy in removing targeted organisms, 
 Ease of treatment equipment operation, 
 Amount of interference with normal ship operation and travel time, 
 Structural integrity of the ship, 
 Size and cost of treatment equipment, 
 Degree of potential damage to the environment. 
Given the above-mentioned criteria, there is still room for improvement of the ballast 
water treatment methods now available in terms of safety, ease of operation, cost, and 
efficiency. Abe et al. (2007) proposed a new method for killing marine bacteria in a ships’ 
ballast water by using the action of microbubble motion. They investigated the tolerance 
of marine Vibrio sp. to shock pressures by using a gas gun and found that these cells were 
destroyed by the pressures of more than 400 MPa (Abe 2013). This 400-MPa pressure 
was the peak pressure of a reflected shock wave as measured by a PVDF film gauge. 
Therefore, the amplitude of the underwater shock wave propagated in the cell 
suspension was estimated to be about 200 MPa. Furthermore, they observed the 
interaction of microbubbles with the shock waves generated by explosions of a 10-mg 
AgN3 (Abe 2010). In this case, they measured a strong pressure pulse with amplitude of 
200 MPa and a period of 20 s at a point 20 mm from the explosion center. Their results 
suggested that the shock waves generated by microbubble motion have the potential to 
inactivate marine bacteria. On the other hand, Takahashi et al. (2007) detected the 
generation of free radicals caused by the accumulation of ions on the surface of the 
contracting microbubbles without the application of any external pressures. Beneš et al. 
(2008) found that these free radicals destroyed the membrane lipids, DNA, and other 
essential cell components of microorganisms including bacteria. Figure 1.1 shows the 
concept of the shock wave sterilization method that relies on the interaction between 
microbubble motion and shock pressure. After the passage of an incident shock wave, 
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the collapse of the microbubbles is induced and they begin to contract. The 
condensation of the surface electric charge with the contraction of the bubbles produces 
free radicals that strongly oxidize marine bacteria. Rebound shock waves are generated 
at the instant the bubbles expand from their minimum sizes and impact the water around 
them. Hence, we believe that the marine bacteria will be inactivated by both physical 
and biochemical actions if we were to use the rebound shock waves and free radicals. 
As such, the shock wave sterilization method is thought to be an extremely safe and 
clean technique from the viewpoint of marine ecosystems. 
 
Fig 1.1 Concept of shock wave sterilization method based on interaction between 
microbubble motion and shock pressure 
Delius et al. (1998) examined the effects of extracorporeal shock waves on cell 
destruction at the minimum static excess pressures. Freed hemoglobin was identified as 
being a marker of cell destruction. They noted that shock waves with an amplitude of 400 
kPa induced membrane destruction and other biological effects. Lokhandwalla and 
Sturtevant (2001) analyzed the interactions between red blood cells and shock-induced 
and bubble-induced flows in a shock-wave lithotripsy. Their work confirmed the 
contribution of radial bubble motion to membrane deformation. During the stage in which 
the microbubbles are expanding, the bubbles were found to grow rapidly from an initial 
radius to the maximum radius in less than half an acoustic cycle, after which they 
8 
 
violently collapsed. They also argued that the shock-induced inertial tension was not the 
dominant factor owing to its short duration (around 3 ns). On the other hand, Sundaram 
(2003) investigated the viability of cells exposed to varying doses of acoustic energy 
using a suspension of 3T3 mouse cells and suggested that the critical strains of the 
membranes could be easily exceeded when the cells were exposed to 
microbubble-induced shock waves. Subsequent membrane disruption was thought to 
play an important role in the inactivity of the cell. They also developed a theoretical 
model to clarify the contribution of every stage of transient cavitation to membrane 
permeabilization. Given the results of the above-mentioned studies, we can assume that 
the inactivity of marine bacteria by the proposed shock sterilization method is closely 
related to the membrane damage caused by the collapse of the microbubbles, i.e., the 
disruption of cell membranes will be caused by membrane stretching that exceeds the 
strain limit when excessive shear stresses are generated on the membrane by the action of 
shock-induced flow over a relatively long duration. 
Generally speaking, a microbubble is defined as a bubble with a diameter of less than 
50 m. Microbubbles have been applied to new technologies due to unique properties 
such as their having a larger surface area to volume ratio, a slower velocity increase in the 
liquid phase, and the production of free radicals upon self-contraction (Xu et al. 2011). 
Kaufmann et al. (2007) and Morawski et al. (2005) investigated a molecular imaging 
technique, using site-targeted microbubble contrast agents, as a means of developing a 
sensitive and specific diagnostic approach for the early detection and analysis of disease 
progression. Chu et al. (2007) performed experiments using micro and macro bubbles in 
ozonation systems used for water purification and sewage treatment, respectively. They 
found that the microbubbles increased the mass transfer rate of the ozone and enhanced 
the removal efficiency of the total organic carbon. Abe et al. (2007) proposed that the 
interaction between the microbubbles and the shock pressure could be applied to the 
sterilization of ships’ ballast water. Wang and Abe (2016) carried out a bio-experiment 
with the marine Vibrio sp. in an ellipsoidal water tank to clarify the 
microbubble/shock-wave sterilization, and noted that the cavitation bubbles that were 
induced behind the focus of the underwater shock wave also contributed to the 
inactivation of the marine bacteria. The sterilization mechanism of these cavitation 
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bubbles is similar to that described in Fig. 1.1. The collapse of the cavitation bubbles 
produced behind a converging shock wave is induced by the shock waves being 
reflected by the inner wall of the water tank, or the approach of the next incident shock 
wave. Marine bacteria in the vicinity of these bubbles are killed both bio-chemically by 
the generated free radicals and mechanically by the strong pressure of the rebound 
shock waves. 
Cavitation bubbles have been observed in many different fields, and their dynamic 
behaviors have been studying in detail experimentally, theoretically, and numerically. 
The phenomenon of cavitation was first discovered in 1894 when tests were made to 
investigate why a ship could not reach its design speed during sea trials. Cavitation 
collapse was found to reduce the performance of a propeller, while also giving rise to 
vibration and erosion. Takayama (1993) observed the generation of cavitation bubbles 
behind converging shock waves in an ellipsoidal reflector when using underwater shock 
wave focusing in the development of extracorporeal shock wave lithotripsy. In another 
study, Kodama and Tomita (2000) investigated the collapse of a single cavitation bubble 
near the surface of gelatin, and reported that the liquid jets formed from cavitation 
motion could damage human tissue. However, the destruction caused by cavitation 
collapse can also have a positive effect, such as the cleaning of solid surfaces (Song et 
al. 2004), waste water treatment (Sivakumar 2002), and the acceleration of fusion 
(Nigmatulin 2005). Given this background, considering the sterilizing potential of 
cavitation bubbles, an investigation of the sterilization effect of the cavitation bubbles 
generated behind underwater shock waves would be both interesting and worthwhile. 
The evidence also points to the probability of effective sterilization being possible by 
the application of incident shock waves alone. 
Based on the results of the above-mentioned research, we can see that strong rebound 
shock waves play a crucial role in the success of the shock wave sterilization method. 
Hence, it is necessary to investigate the strength of the rebound shock wave generated 
by the collapse of a microbubble. Conventional methods of pressure measurement 
involve the placement of several pressure transducers around a microbubble to obtain 
the pressure distribution. However, the pressure behind the shock wave decreases 
exponentially with distance, thus limiting the potential placement of the pressure 
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transducers to a small space around the microbubble. Furthermore, the transducers are 
not able to measure the pressure within the region corresponding to the maximum 
bubble diameter. This is because the bubble surface impacts the transducer as it expands, 
thus seriously disrupting the measurement. The background-oriented schlieren (BOS) 
method would offer a means of measuring the pressure behind the rebound shock wave 
front of a microbubble when combined with computational techniques. 
 The concept of BOS was first proposed as a further simplification of an optical 
schlieren system patented by Meier (1999). The feasibility of the BOS technique was 
demonstrated in an analysis of the blade tip vortices of helicopters by Raffel et al. 
(2000) and Richard et al. (2001). Raffel et al. (2000) and Richard et al. (2001) built a 
BOS system to visualize a full-scale helicopter in flight and investigated the effects of 
the Reynolds number on the development of vortexes from the blade tips. They reported 
that the investigation could be carried out more easily when using the BOS technique, 
relative to laser-based techniques. To enhance the future applicability of the BOS 
technique, Meier (2002) extended two other types, namely, background-oriented 
stereoscopic schlieren (BOSS) and background-oriented optical tomography (BOOT) 
based on the conventional BOS technique proposed by Meier (1999). The former is 
achieved by using two cameras that are synchronized to capture two image pairs using 
different viewing angles, after which the spatial location of the identifiable phase for 
unsteady objects is evaluated. The latter was similar to other tomographic techniques, in 
that it enables the three-dimensional reconstruction of unidentifiable objects. 
Venkatakrishnan and Meier (2004) carried out an experiment on an axisymmetric 
supersonic flow over a cone-cylinder model and first verified the density field obtained 
with the BOS technique by comparing cone tables and isentropic solutions. The results 
underlined the fact that the BOS technique can enable the quantitative visualization of 
the density field in a flow. Compared to shadowgraphs, schlieren photographs, or 
interferometry, the BOS technique requires only a small amount of optical equipment, 
combined with computer techniques, to produce visualization both quantitatively and 
precisely. Kindler et al. (2007), who applied the BOS technique to the investigation of 
blade tip vortexes in full-scale helicopter flight tests, were the first to report on the 
results of a tomographic reconstruction of the compressible vortex core. The BOOT 
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technique was also used by Venkatakrishnan and Suriyanarayanan (2009) to obtain the 
three-dimensional density field in a supersonic shock-separated flow. They carried out a 
reconstruction using 19 non-simultaneous images, thus yielding a mean density field. 
These results clearly prove the ability of the BOS technique to visualize and quantify a 
complex density flow. Yamamoto et al. (2015) applied the BOS technique to the 
visualization of a laser-induced underwater shock wave for the first time. At that time, 
however, they had not yet obtained the pressure distribution from the displacements of 
the distortion. 
 
 
1.2 Research Objectives 
The shock wave sterilization method is a new technique proposed by Abe et al. (2007), 
which kills marine bacteria using the mechanical and biochemical action resulting from 
the rebound shock waves and free radicals generated by the collapse of microbubbles. 
This method is still in the development phase and has not yet been commercialized. 
Given the effects of ideal microbubble motion, the shock wave sterilization method is 
expected to offer an excellent effect. As shown in Fig. 1.2, the conditions required to 
instigate microbubble collapse by shock waves are related to the bubble diameter and its 
shape, the number density of the bubbles, the peak pressure, and the pressure profile of 
the incident shock wave. To investigate the optimal conditions under which the 
microbubbles collapse, it is necessary to understand the behaviors of the microbubbles 
and their interaction with shock waves in detail. However, there are some difficulties to 
be overcome regarding the observations and pressure measurements due to  the micro 
size of the bubbles, i.e., microbubble motion is remarkably fast, such that a high 
magnification and a special ultra-high-speed camera are required to enable an optical 
visualization. In addition, the measurement of a pressure wave produced by the collapse 
of microbubbles requires the development of a pressure transducer with a small area for 
the pressure detection.  
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Fig. 1.2 Schematic of research objectives 
Therefore, to clarify the microbubble behaviors induced by the shock waves, both 
special devices and a practical means of visualization are needed. The present study set 
out to observe the behaviors of a microbubble interacting with a shock wave despite the 
existence of experimental difficulties. This dissertation describes the theoretical and 
numerical analyses based on the bubble motion equation, as well as the experimental 
demonstrations and analytical estimations of the sterilization effects. The purpose of this 
dissertation is to obtain the optimum conditions needed to achieve an excellent 
sterilization effect that is possible with the shock wave sterilization method. To this end, 
we employed the experimental and analytical approaches described in detail in Fig. 1.3. 
The Herring bubble motion equation was applied to the theoretical analysis of 
microbubble motion because the compressibility of water is required to analyze the 
interaction of microbubbles with shock pressure. The conditions necessary to attain the 
ideal collapse of a bubble are investigated using experimental pressure profiles in both an 
open and confined space, respectively. On the other hand, the observation using an 
ultra-high-speed camera and a microscope captures the occurrence of rebound shock 
wave generation, micro-jet formation, and the collapse and re-combination of bubbles 
after the passage of a shock front. Next, the optical observations are compared to the 
theoretical solutions obtained with the Herring bubble motion equation. To obtain the 
strength of a spherical underwater shock wave generated by the first rebound of a 
microbubble, a physical impact interaction model is built up using a one-dimensional 
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point-symmetrical TVD finite differential scheme using the solutions to the Herring 
bubble motion equation as boundary conditions. In addition, a new technique of pressure 
quantification is developed by applying the BOS method to the collapse of a 
microbubble. 
 
Fig. 1.3 Structure of dissertation:  
The numerals indicate the chapter numbers 
The conditions related to microbubbles and incident shock waves as obtained from an 
analysis of the bubble motion are applied to the experimental demonstrations of the shock 
wave sterilization method. Bio-experiments with marine Vibrio sp. are carried out to 
examine the sterilization effect in three kinds of water tanks. From the results of these 
bio-experiments, the shock-induced microbubble motion clearly results in sterilization, 
while the underwater shock waves without any microbubbles also have a sterilization 
effect. It is found that cavitation bubbles are generated behind the focus of underwater 
shock waves and that their collapse probably produces a similar sterilization effect. 
Hence, it would appear to be possible to achieve effective sterilization simply by the 
application of incident shock waves. Subsequently, the contribution of the cavitation 
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bubbles to the sterilization effect is clarified by bio-experiments under different 
conditions in both a cylindrical water chamber and a narrow water chamber. Furthermore, 
it is thought that the generation of cavitation bubbles is dependent on the material and 
dimensions of the water chamber.  
A hybrid analytical method consisting of a physical impact model and probability 
model is proposed to predict the effect of the shock wave sterilization. A biological 
probability model, based on the radius of the sterilized space around the bubbles, is 
constructed, and the sterilization effect is predicted for application to marine bacteria. 
Here, the radius of the sterilized space around a bubble is determined by the pressure 
attenuation of a rebound shock wave obtained by the physical impact interaction model, 
assuming the critical pressure for the marine Vibrio sp.. By comparing the results of the 
bio-experiments, the analytical method is verified and then used to determine the 
conditions necessary to attain a high level of the sterilization with respect to the bubble 
size, density, and strength of the incident shock wave. Finally, the conditions are 
introduced into the bio-experiments to produce excellent shock-sterilization effects.  
Based on the background and objectives of the research, this dissertation is laid out as 
follows: 
Chapter 1 presents the background to and the objectives of the study. 
Chapter 2 presents the experimental preparations, including the development of an 
underwater electric discharge system, the pressure-measuring system, and the optical 
arrangement. 
In Chapter 3, the theoretical analysis and the optical observation of the collapse of a 
microbubble, as induced by an incident shock wave, are described. The Herring bubble 
motion equation is solved using the experimental pressure profile of a shock wave front. 
For the optical observations, a microscope and ultra-high-speed cameras are used to 
understand the behavior of a collapsing microbubble after the passage of a shock wave. A 
physical impact interaction model is created to numerically simulate the generation and 
propagation of a spherical underwater shock wave generated by the first rebound of a 
microbubble. In addition, a fundamental study of the BOS method combing with image 
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processing is undertaken to quantitatively measure the pressure behind the rebound shock 
wave of a vapor bubble produced by an electric discharge. 
Chapter 4 presents an experimental examination of the shock wave sterilization 
method. First, bio-experiments with the cell solution of marine Vibrio sp. are carried out 
in a circular-flow water channel using the collapse of a microbubble generated by a 
bubble generator that we designed. The cavitation bubbles generated behind converging 
underwater shock waves are potentially able to kill marine bacteria. Next, without a 
supply of microbubbles, sterilization effects of shock waves with induced bubbles are 
investigated in a cylindrical water chamber and a narrow water chamber, respectively..  
From the viewpoint of physical sterilization, Chapter 5 presents a hybrid analytical 
method consisting of a biological probability model for cell viability and a physical 
impact model of the interaction between a microbubble and a shock wave to numerically 
estimate the shock sterilization effect based on the results of the bio-experiments 
obtained with the water tanks. 
Chapter 6 summarizes the work described in the dissertation. 
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CHAPTER 2 
Experimental Preparations 
2.1 Introduction 
This chapter describes the experimental preparations including the devices and 
methods that will be referenced in the subsequent chapters. The sterilization method 
addressed by this study relies on the interaction of microbubbles with shock waves to 
inactivate marine bacteria. Essentially, therefore, underwater shock waves and 
microbubbles must be generated as part of the experiments. Common methods of 
producing the required underwater shock waves include electric discharge (Higa 2012), 
micro-explosions (Cole 1965), pulsed-laser-beam emission (Jiang 1998), and the 
high-speed impact of projectiles (Hrubes 2001). Considering the experimental 
conditions, including continuous operation and the need to adjust the shock pressure, an 
underwater electric discharge system is devised using a high-voltage power supply. 
According to Cho and Fridman (2012), the strength of the electric field at the tip of the 
electrodes is inversely proportional to the radius of curvature of the electrode tip. Hence, 
a greater electric field strength could be obtained by simply reducing the radius of 
curvature, which is much easier than increasing the voltage. However, Sunka et al. 
(1999) pointed out that a very sharp anode tip would be quickly eroded with the 
discharge, making it necessary to find a compromise between the optimum sharpness of 
the anode and its lifetime, considering the need for continuous operation. Therefore, the 
performances of the electrodes are examined using pressure measurements with a goal 
of maintaining a stable electric discharge. In the pressure measurement system, a fiber 
optic probe hydrophone is used to prevent electrical noise from disturbing the pressure 
signal since the hydrophone detects pressure from the reflection of light at the tip of a 
glass fiber in the liquid. Hence, an investigation of the influence of a discharge flush is 
also needed. Microbubble generation is described in detail in Chapter 4. Finally, the 
optical arrangements of the schlieren and shadowgraph methods are introduced to 
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visualize the behaviors of underwater shock wave propagation and collapsing 
microbubbles. 
2.2 Underwater Electric Discharge System 
2.2.1 Pulse Discharge Equipment 
An underwater electric discharge equipped by a high-voltage power supply gives rise 
to an overpressure shock wave, strong electric field, free radicals, ultraviolet irradiation, 
and an ozone field, all of which have found in industrial applications such as wastewater 
treatment, material processing and food sterilization. In the present study, an electric 
discharge was used to generate underwater shock waves. The underwater electric 
discharge system consisted of a high-voltage power supply (HPS 18K-A. Tamaoki 
Electronics Co., Ltd.) and a pulse generator (33220A, Keysight Technologies Inc.). 
Figure 2.1 shows the high-voltage power supply. The specifications of the power supply 
are listed in Table 2.1. The relationship between the input voltage and output power of 
the discharger is given in Table 2.2. 
 
Fig. 2.1 High-voltage power supply 
Table 2.1 Specifications of pulse electric discharger 
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Table 2.2 Relationship between input power and output voltage 
 
 
 
 
2.2.2 Preparation of Electrodes 
Figure 2.2 is a schematic of a sharp-ended and flat-ended electrode. The electrodes 
were produced using tungsten wire that was covered in an insulting material (HAGITEC 
Co., Ltd.). The tip of the sharp-ended type had a parabolic shape while the other type 
had a flat end. The two types of electrodes were evaluated by measuring the generated 
underwater shock wave based on the pressure measurements, as will be described in the 
next section.  
 
Fig. 2.2 Schematic of electrodes 
 
 
 
22 
 
 
(a) Flat-ended electrodes 
 
(b) Sharp-ended electrodes 
Fig. 2.3 Relationship between peak pressure of shock front and inter-electrode distance, 
50 mm from discharge point: flat-ended electrodes ■, and sharp-ended electrodes ◆ 
 
Figures 2.3 show the relationship between the peak pressures of the underwater shock 
waves and inter-electrode distances obtained at a position of 50 mm from the discharge 
point. The solid squares and diamonds represent the results obtained with the flat-ended 
and sharp-ended electrodes. The abscissa indicates the distance between the two 
electrodes while the ordinate shows the pressure. Figure 2.3 (a) shows that the peak 
pressure increases from 3.2 to 4.5 MPa as the distance between the two electrodes 
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increases from 4 to 10 mm. On the other hand, the peak pressures obtained from the 
sharp-ended electrode were almost the same regardless of whether the inter-electrode 
distance was 4, 6, or 8 mm. Furthermore, we found that the peak pressure obtained using 
a sharp-ended electrode was higher than that obtained with a flat-ended one. This was 
caused by the sharp tips of the electrodes generating a large electric field, as indicated 
by Eq. 2.1. Thus, to obtain an underwater shock wave with a high and stable pressure, 
we used the sharp-ended electrodes in our experiments. 
  𝐸 ∝ 𝑉 𝑟⁄  (2.1) 
where E is the electric field, V is the applied voltage, and r is the radius of curvature of 
the electrode tip. 
Figure 2.4 shows photos of the anodic tips of the sharp-ended electrodes before and 
after a 30-min electric discharge. Over 30 min, an electric discharge was triggered once 
every second with an output power of 30.0 kV. Figure 2.4 (b) shows that minimal 
serious erosion is evident and hence the electrodes used in the experiments are thought 
to be able to maintain a stable level of performance over the 30-min duration of the 
experiment.  
 
Fig. 2.4 Tips of sharp-ended anode:  
(a) Before discharge and (b) After 30-min discharge 
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2.3 Pressure Measurement System 
  Figure 2.5 is a schematic of the pressure measurement system. It consisted of a 
fiber-optic probe hydrophone (FOPH2000, RP acoustic) and an oscilloscope (DS7054A, 
Keysight Technologies Inc.). The FOPH 2000 hydrophone is ideal for the absolute 
measurement of high positive and negative pressures in liquids in a short time. The 
sensing element for measuring the pressure is the tip of an optical glass fiber. The 
pressure is detected based on the change in the reflection of light due to a change in the 
density at the glass fiber–water interface. Table 2.3 summarizes the technical data 
provided by RP acoustic. 
 
Fig. 2.5 Schematic of pressure-measurement system 
 
Table 2.3 Summary of technical data 
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2.3.1 Preparation for Pressure Measurement 
Figure 2.6 shows the raw data and the transferred pressure profile obtained at 60 mm 
from the discharge point using the FOPH 2000 hydrophone. In the FOPH 2000, a positive 
change in the pressure gives rise to a negative change in the voltage on the oscilloscope 
screen. In Fig. 2.6 (a), the large voltage change at the start of the profile corresponded to 
the effect of the discharge flush. In Fig. 2.6 (b), the underwater shock wave front was 
observed at about 40 s and thus the propagation speed of the shock wave was calculated 
to be about 1500 m/s. The peak value of the shock front was the difference between the 
excess pressure and the base pressure. The base pressure was defined using the mean 
values of the pressure before the shock front. It should be noted that the base pressure is 
about 0 MPa under normal conditions. As a result, the peak pressure of the shock front 
in Fig. 2.6 was about 3.8 MPa, corresponding to −6 mV.  
 
(a) Raw data produced by FOPH 2000 
 
(b) Pressure profile 
Fig. 2.6 Pressure measurement using FOPH 2000, 60 mm from discharge point  
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Fig. 2.7 Schematic of the setting of the glass fiber 
 
Pressure measurement with the FOPH 2000 hydrophone is not influenced by either 
electrical or magnetic noise, but the discharge flush affects the detection of the glass 
fiber, as shown in Fig. 2.6. Figure 2.7 is a schematic of the setting of the glass fiber, 60 
mm from the discharge point. The angles of the optical fiber  were set to 0°, 10°, 30°, 
60°, and 90°. The distance between the two electrodes was 8 mm. The relationship 
between the base pressure and the setting angles is shown in Fig. 2.8. It was found that 
the base pressure was seriously affected by the discharges at only 0°. Figure 2.9 
shows the pressure waveform at 0°. The base pressures in the figure decreased 
gradually with time. Thus, the effect of the discharge flush on the base pressure can be 
eliminated by slightly inclining the glass fiber relative to the horizontal axis. 
 
Fig. 2.8 Relationship between base pressure and setting angle 
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Fig. 2.9 Pressure waveform obtained using FOPH 2000 at 0° 
 
 
Fig. 2.10 Schematic of pressure measurement in open space 
 
 
Fig. 2.11 Schematic of confined space 
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2.3.2 Pressure Measurement in Open and Confined Spaces 
Figure 2.10 is a schematic of the pressure measurement in an open space. The water 
tank measured 600 mm (L) × 450 mm (W) × 300 mm (D). Figure 2.11 is a schematic of 
the confined space. The distance between the acrylic plates was 10 mm in the confined 
space. In both cases, the inter-electrode distance was 6 mm and the optical fiber was 
inclined by 30° to prevent discharge flushes from adversely affecting the measurement. 
The output voltage of the power supply was about 30.0 kV. Figure 2.11 shows the 
relationship between the peak pressures of the shock fronts and the distances from the 
discharge point in both the open and confined spaces. From this figure, we can see that 
the peak pressure of the shock wave front in the open space decreased from 31.13 MPa 
at a distance of 10 mm, to 4.7 MPa at a distance of 70 mm from the discharge point. The 
peak pressure in the confined space decreased from 26.43 MPa at 10 mm to 4.02 MPa at 
70 mm from the discharge point. It was found that the peak pressures of the shock wave 
front in the open space were larger than those in the confined space. This could be a 
result of the reflected shock waves at the wall induced in the confined space so that the 
peak pressure was reduced. 
 
Fig. 2.12 Relationships between peak pressure of shock front and distance from 
discharge point: ■ open space and ◆ confined space 
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2.4 Optical Arrangements 
Figures 2.13 and 2.14 are schematics of the optical arrangement for the schlieren and 
shadowgraph methods, respectively, used to observe the propagation of underwater 
shock wave, as described in subsequent chapters. 
 
Fig.2.13 Schematic of optical arrangement for schlieren method 
 
 
Fig.2.14 Schematic of optical arrangement for shadowgraph method 
30 
 
References 
Abe, A., Mimura, H., Ishida, H., Yoshida, K. (2007). “The effect of shock pressures on 
the inactivation of a marine Vibrio sp.” Shock Waves, 17:143–151. 
Cho, I.Y., Fridman, A.A. (2012). “Application of pulse spark discharges for scale 
prevention and continuous filtration methods in coal-fired power plant”. Final 
Technical Report. U.S. Department of Energy, National Energy Technology 
Laboratory. 
Cole, R.H. (1965). “Underwater explosions.”  Princeton University Press (Reprinted by 
Dover Publications, Inc. New York.  
Higa, O., Matsubara, R., Higa, K. (2012). “Mechanism of the shock wave generation and 
energy efficiency by underwater discharge.” The international journal of Multiphysics, 
6 (2):89–98. 
Hrubes, J.D. (2001). “High-speed imaging of supercavitating underwater projectiles.” 
Experiments in Fluids, 30:57–64.  
Jiang, Z., Takayama, K., Moosad, K.P.B., Onodera, O., Sun, M. (1998). “Numerical and 
experimental study of a micro-blast wave generated by Pulsed-laser beam focusing.” 
Shock waves, 8:337–349. 
Sunka, P., Babicky, V., Clupek, M., Lukes, P., Simek, M., Schmidt, J. Cernak, M. (1999). 
“Generation of chemically active species by electrical discharges in water. Plasma 
Sources.” Plasma Sources Science and Technology, 8(2):258–265. 
 
 
 
 
 
 
 
 
 
31 
 
CHAPTER 3 
Collapse of Microbubble 
3.1 Introduction 
Microbubbles have been extensively applied in fields such as biomedicine (Ferrara et 
al. 2007), the environment (Chu et al. 2007), and marine engineering (Kotama et al. 
2000). Abe et al. (2007) proposed a shock wave sterilization method using microbubble 
motion to treat ships’ ballast water, in which the free radicals and shock waves produced 
by collapsing microbubbles were used to kill bacteria without the need for chemicals. To 
establish this shock wave sterilization method, it is important to understand the behavior 
of a microbubble after it interacts with a pressure wave. However, this incurs many 
difficulties regarding observations and pressure measurement due to the microscopic 
size of each bubble. Furthermore, the microbubble motion is remarkably fast, making 
magnified observation and a special ultra-high-speed camera necessary for the optical 
observations. In addition, a special pressure transducer with a small pressure-detecting 
area must be prepared to measure the pressure wave produced by the collapse of a 
microbubble. To clarify the microbubble motion induced by shock waves, both special 
devices and an original methodology for visualizing the collapse are needed. This 
chapter explains the observation of the behaviors of collapsing microbubbles despite the 
existence of experimental difficulties, and provides a theoretical and numerical analysis 
based on the bubble motion equation.  
First, the Herring bubble motion equation is used to theoretically analyze the 
collapsing motion of a microbubble. To visualize this collapse, a microscope and 
ultra-high-speed camera are employed to capture the generation of the rebound shock 
wave and micro-jet, as well as the expansion and contraction of the microbubble. Here, 
spatial positioning control of a microbubble is necessary to improve the accuracy of the 
observation. To estimate a spherical underwater shock wave generated by the first 
rebound of a microbubble, an impact model based on the interaction between a 
microbubble and a shock wave is built up using a one-dimensional point-symmetric 
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TVD scheme combined with theoretical solutions to the Herring bubble motion equation. 
In addition, a fundamental study of the BOS technique is carried out to develop a 
technique for measuring the pressure of the rebound shock wave of a microbubble.  
 
 
3.2 Theoretical Analysis of Microbubble Motion 
3.2.1 Spherical Microbubble Motion Equation 
A schematic model of a single bubble is shown in Fig. 3.1. A spherical bubble of radius 
R is at rest in an infinite volume of water. Considering the small size of the microbubble, 
the effect of vapor gas is ignored, and the model bubble is assumed to be filled with 
perfect non-conducting, non-viscous, and non-condensing gas. The bubble begins to 
collapse at the instant it interacts with a discontinuous pressure wave. Here, the bubble 
is assumed to maintain a spherical shape during the contraction and expansion motions. 
The bubble model is used to analyze the collapse of a microbubble. 
 
 
Fig. 3.1 Schematic of model of single spherical bubble in infinite volume of water 
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Based on the bubble model, the gravity and other asymmetric perturbing effects are 
neglected due to the spherical bubble growing or collapsing in an infinite volume. 
Therefore, the liquid flow around the bubble is spherically symmetrical without any 
rotation. The fundamental equations are written as follows: 
∂𝜌
∂t
+
1
𝑟
𝜕(𝜌𝑢𝑟)
𝜕𝑟
= 0, (3.1) 
∂𝑢
∂t
+ 𝑢
𝜕𝑢
𝜕𝑟
= −
1
𝜌
𝜕𝑃
𝜕𝑟
, (3.2) 
where P is the water pressure, is the water density, u is the water velocity in the radial 
direction, t is the time, and r is the radial coordinates. 
Considering the point symmetry of the bubble, Eqs. 3.1 and 3.2 are changed to Eqs. 
3.3 and 3.4, respectively,  
∂𝜌
∂t
+
∂
∂𝑟
(𝜌𝑢) +
2𝜌𝑢
𝑟
= 0, (3.3) 
∂𝑢
∂t
+ 𝑢
𝜕𝑢
𝜕𝑟
= −
1
𝜌
𝜕𝑃
𝜕𝑟
. (3.4) 
For an isentropic flow, the heat flow and viscous dissipation are also neglected and 
thus the boundary conditions are shown in Eqs. 3.5 and 3.6. 
𝑢 = ?̇?, (3.5) 
𝑃 = 𝑃′ +
4
3
𝜇 (
𝜕𝑢
𝜕𝑟
−
𝑢
𝑟
) −
2𝜎
𝑅
, (3.6) 
where is the surface tension of a bubble, is the viscosity coefficient, Pin0 is the 
initial pressure inside the bubble, P’ is the pressure on the bubble wall, and R is the 
bubble radius. 
Neglecting the compressibility of the water, Eq. 3.3 becomes Eq. 3.7,  
𝑢 =
𝑅2?̇?
𝑟2
. (3.7) 
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Eq. 3.7 is substituted into Eq. 3.4, and then Eq. 3.4 is integrated, as follows: 
𝑃 = 𝑃∞(𝑡) + 𝜌 (
𝑅2𝑅 + 2𝑅?̇?2̈
𝑟
−
𝑅4?̇?2
2𝑟4
), (3.8) 
where P∞ is the pressure of the liquid at infinity. 
Eqs. 3.7 and 3.8 are substituted into Eq. 3.6, and then Eq. 3.6 becomes Eq. 3.9, 
   𝑃∞(𝑡) + 𝜌 (
𝑅2?̈? + 2𝑅?̇?2̈
𝑟
−
𝑅4?̇?2
2𝑟4
) = 𝑃′ −
4𝜇𝑅2?̇?
𝑟2
−
2𝜎
𝑅
. (3.9) 
Given that r = R, Eq. 3.9 becomes Eq. 3.10, 
   𝑅?̈? +
3
2
?̇?2 =
1
𝜌
(𝑃′(𝑅) − 𝑃∞(𝑡) −
4𝜇?̇?
𝑅
−
2𝜎
𝑅
). (3.10) 
Eq. 3.10 is the well-known Rayleigh–Plesset bubble motion equation. Because of the 
assumption of liquid incompressibility, this model gives satisfactory results only when 
the flow velocity is relatively low and the amplitude of the pressure wave is small. 
On the other hand, when the acoustic approximation is such that the speed of sound is 
assumed to be a constant in Eq. 3.7, the Herring bubble motion equation (Herring 1941) 
is obtained considering the compressibility of water. The Herring bubble motion 
equation is written as follows: 
   (1 −
2?̇?
𝐶∞
) 𝑅?̈? +
3
2
(1 −
4
3
?̇?
𝐶∞
) ?̇?2 +
1
𝜌∞
(𝑃∞ − 𝑃𝑠 −
𝑅
𝐶∞
𝑑𝑃𝑠
𝑑𝑡
) = 0,      (3.11) 
where R is the bubble radius, C∞ is the speed of sound in water at infinity, ∞ is the 
density of water at infinity, Ps is the pressure inside a bubble, and P∞ is the water pressure 
at infinity. In the theoretical analysis of microbubble motion, the experimental pressure 
profile of an incident shock wave is substituted into P∞. 
C∞ in Eq. 3.11 is given by  
   C
∞
=√
n(P
∞
+B)
ρ
∞
,                 (3.12) 
where B and n are constants, B = 2963 bar, n = 7.41. 
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Ps in Eq. 3.11 is described by 
   𝑃𝑠 = 𝑃𝑖𝑛0 −
1
𝑅
(2𝜎 + 4𝜇?̇?),              (3.13) 
Where Pin0 is the initial pressure of the non-condensable gas inside a bubble, as shown in 
Eq. 3.14, 
   𝑃𝑖𝑛0 = 𝑃𝑔0 (
𝑅0
𝑅
)
3𝛾
.           (3.14) 
where Pg0 is the initial gas pressure inside the bubble, R0 is the initial radius of the bubble, 
and  is the specific heat ratio. At the initial pressure, we assume that radius R equals R0 
and the pressure Ps equals the standard atmospheric pressure in Eq. 3.13. Then, Pg0 is 
given by  
   𝑃𝑔0 = 𝑃0 +
2𝜎
𝑅0
, (3.15) 
where P0 is the standard atmospheric pressure. 
Thus, Eq. 3.13 can be rewritten as  
   𝑃𝑠 = 𝑃𝑔0 (
𝑅0
𝑅
)
3𝛾
−
1
𝑅
(2𝜎 + 4𝜇?̇?) .       (3.16) 
The Rayleigh-Plesset equation (Eq. 3.10) and the Herring bubble motion equation 
(Eq. 3.11) are solved using the fourth-order accurate Runge–Kutta–Gill method (Eq. 
3.17).  
   𝑘1 = ℎ ∗ 𝑓(𝑥0, 𝑦0), 
(3.17) 
 
   𝑘2 = ℎ ∗ 𝑓 (𝑥0 +
ℎ
2
, 𝑦0 +
𝑘1
2
), 
   𝑘3 = ℎ ∗ 𝑓 (𝑥0 +
ℎ
2
, 𝑦0 +
(√2 − 1)
2
𝑘1 + (1 −
1
√2
) 𝑘2), 
   𝑘4 = ℎ ∗ 𝑓 (𝑥0 +
ℎ
2
, 𝑦0 −
1
√2
𝑘2 + (1 +
1
√2
) 𝑘3), 
   𝑦(𝑥0 + ℎ) = 𝑦(𝑥0) +
1
6
𝑘1 +
(1 − 1 √2⁄ )
3
𝑘2 +
(1 + 1 √2⁄ )
3
𝑘3 +
1
6
𝑘4. 
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3.2.2 Results and Discussion 
Table 3.1 lists the physical property values as obtained by Ouhara (1988). Based on the 
physical properties, the Rayleigh-Plesset bubble motion equation (Eq. 3.10) and Herring 
bubble motion equation (Eq. 3.11) were used to theoretically analyze the collapsing 
motion of a bubble with an initial radius of 1 mm. Figure 3.2 compares the theoretical 
solutions obtained for the bubble motion with the Rayleigh-Plesset and Herring 
equations. The blue trace corresponds to the Rayleigh-Plesset bubble motion equation 
while the red trace is for the Herring bubble motion equation. Compared with the 
theoretical results obtained by Ouhara (1988), the numerical codes of the bubble motion 
equations are verified in this dissertation. Fig. 3.2 shows that there is no difference 
between the analytical results obtained with the Rayleigh-Plesset and Herring bubble 
equations during the first contraction motion. The bubble reaches its first minimum 
radius at 92.3 s and then begins to expand. Compared with the theoretical solutions 
obtained from the Rayleigh-Plesset equation, the bubble defined by the Herring 
equation expands and contracts faster due to the compressibility and viscosity of the 
water. Furthermore, the Herring motion equation is better suited to the analysis of the 
motion of a microbubble as induced by an incident shock wave because the 
compressibility of water is required to determine the interaction of a microbubble with 
the shock pressure.  
 
Table 3.1 Physical parameters (Ouhara, 1988) 
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Fig. 3.2 Theoretical analysis of bubble motion: (a) Time variation of bubble diameter,  
(b) Time variation of bubble surface speed, (c) Time variation of bubble internal pressure 
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Figure 3.3 shows the measured pressure profile of a spherical underwater shock wave 
measured at a point of 60 mm from the discharge point in open space. The abscissa 
indicates the time obtained from the output signals recovered from the singular noise of 
the flash discharge. The peak pressure at the shock wave front is about 6.11 MPa. In the 
following analysis, the pressure profile in this figure will be substituted into the Herring 
bubble motion equation as P∞ to predict the contraction and expansion of the bubble. 
Figure 3.4 shows the time variations of the bubble diameter and internal pressure at a 
point of 60 mm from the discharge point. The orange, green, and blue traces indicate the 
theoretical solutions for initial bubble diameters of 10, 30, and 50 m, respectively. The 
theoretical analysis was obtained by solving the Herring bubble equation in terms of the 
experimental pressure profile of the incident shock wave, as shown in Fig. 3.3. As 
shown in Fig. 3.4, the time required for the bubble to shrink to the minimum diameter 
increases with the initial diameter. This suggests that the maximum internal pressure of 
the bubble is not proportional to the initial diameter of the bubble for a given shock wave 
strength.  
 
Fig. 3.3 Experimental pressure profile measured by FOPH 2000 at point 60 mm from 
discharge point in open space 
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Fig. 3.4 Time variation of diameter and internal pressure of microbubbles with initial 
diameters of 10, 30, and 50 m at 60 mm from discharge point  
 
To investigate the relationship between the maximum internal pressure of the bubble 
and the initial bubble diameter, the theoretical solutions to the Herring bubble equation 
for bubbles with initial diameters of 4 m to 140 m were obtained, as shown in Fig. 
3.5. It is found that the estimated peak pressure value for every size of bubble reaches 
several hundred MPa, and the maximum pressure is produced by only one initial bubble 
diameter for the pressure profile of the incident shock wave. In this case, it is predicted 
that a maximum pressure of more than 700 MPa would be obtained by a bubble with an 
initial diameter of around 25 m. To investigate the reason for this phenomenon, a 
theoretical analysis of a 25-m diameter microbubble was performed. 
Figure 3.6 shows the time variation of the diameter for a 25-m microbubble. From 
this figure, we can see that the bubble contraction starts slowly at the instant the bubble 
interacts with the shock front, and then the contraction speed continuously accelerates. 
Finally, when the pressure of the incident shock wave reaches a maximum, the bubble 
diameter falls to the minimum. Therefore, this bubble motion is ideal in terms of the rise 
time from base pressure to the peak at the shock wave front, while 25 m is the optimal 
diameter for the pressure profile shown in Fig. 3.3. The above indicates that, to obtain a 
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high internal pressure, it is important to select an initial bubble diameter according to 
the pressure profile of an incident shock wave.  
 
Fig. 3.5 Peak internal pressures vs. initial bubble diameters  
at point 60 mm from discharge point 
 
 
Fig. 3.6 Time variations for 25-m diameter microbubble  
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Therefore, the ideal collapsing motion of the bubble was also investigated using 
pressure profiles obtained at positions of 10, 20, 30, 40, 50, 80, and 100 mm from the 
discharge point in open space. Typical experimental pressure profiles for every position 
are shown in Fig. 3.7. 
Figure 3.8 shows the relationships between the maximum internal pressure and initial 
bubble diameter at positions of 10, 20, 30, 40, 50, 60, 80, and 100 mm from the 
discharge point in open space. The maximum internal pressure increases with the peak 
value of the pressure profile. The corresponding optimal bubble diameters were taken at 
every position and a relationship was determined as shown in Fig. 3.9. The optimal 
bubble diameter decreases as the distance from the discharge point increased. That is, 
the high peak pressure of the shock front would cause a large-diameter bubble to 
collapse ideally. However, the optimal bubble diameters at 30, 60, and 100 mm are 
larger than those at 20, 50, and 80 mm, respectively. This indicates that some other 
parameters affect the determination of the optimal diameter of bubble. As shown in Fig. 
3.6, the rise time from the base pressure to the peak for a shock front appears to be a 
main factor.  
Fig. 3.7 Typical pressure waves measured by FOPH 2000 at positions 10, 20, 30, 40, 50, 
60, 80, and 100 mm from the discharge point in open space 
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Fig. 3.8 Maximum internal pressure vs. initial bubble diameter at 10, 20, 30, 40, 50, 60, 
80, and 100 mm from the discharge point 
 
Fig. 3.9 Relationship between optimal bubble diameter and distance  
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Considering the time required for the pressure to rise to the peak value at the shock 
fronts shown in Fig. 3.7, the relationship between the optimal bubble diameter and the 
rise time to the peak pressure is shown in Fig. 3.10. The red squares and blue diamonds 
indicate the rise time to peak pressure and the optimal bubble diameter, respectively. For 
distances of 20, 40, 50, and 100 mm, the optimal diameter decreases gradually with the 
peak pressure for a given rise time at the shock front. On the other hand, although the 
peak pressure at 20 mm is higher than that at 30 mm, the optimal bubble diameter is 
smaller. This is caused by the rise time to peak pressure at 30 mm being longer so that a 
relatively large-diameter bubble exhibits the ideal collapse motion. Here, the ideal 
collapse motion is defined as that when the pressure of the incident shock wave reaches 
a maximum and the bubble diameter falls to a minimum, as shown in Fig. 3.6. 
Therefore, the rise time to peak pressure plays an important role in determining the 
optimal bubble diameter. 
Fig. 3.10 Optimal diameter of bubble and rise time to peak pressure at positions of 10, 
20, 30, 40, 50, 60, 80, and 100 mm from discharge point 
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As mentioned above, the peak pressure and the rise time to peak pressure at the shock 
front are the dominant factors affecting the ideal collapse of a bubble. A high peak 
pressure and a long rise time increase the optimal bubble diameter. In open space, the 
pressure at the shock front decreased immediately after reaching the peak value 
according to the pressure profile in Fig. 3.3. Hence, the optimal bubble diameter is 
determined when the time required to reach the minimum radius is the same as the rise 
time at the shock front. However, in confined space, the high pressure at the shock front 
can be maintained for a long time after the peak value has been reached because of the 
reflection of the shock waves at the wall gap. The duration of the high pressure at the 
shock front is also thought to contribute to determining the optimal bubble diameter. 
 Figure 3.11 shows the typical experimental pressure waveforms measured at points 
of 20, 30, and 50 mm from the discharge point in confined space. The width of the 
space was 10 mm. The peak pressures of the shock fronts are 14.28, 6.79, and 4.39 MPa 
at points of 20, 30, and 50 mm from the discharge point, respectively. Next, these 
pressure waveforms were substituted into the Herring bubble motion equation to 
investigate the optimal bubble diameters. The relationship between the maximum 
internal pressure of a bubble and the initial bubble diameter are shown in Fig. 3.12. The 
optimal bubble diameters are 56, 47, and 42 m at distances of 20, 30, and 50 mm from 
the discharge point in confined space, respectively. For a 20-mm distance, the optimal 
diameter in confined space, 56 m, is larger than that of 39 m in open space for almost 
the same peak pressure and rise time. This is caused by a large-diameter bubble 
sufficiently contracting due to the long duration of the high pressure at the shock front, 
as shown in Fig. 3.11. Similarly, the optimal diameters in confined space are larger, 
although the peak pressures of the shock wave fronts are lower at distances of 30 mm 
and 50 mm. As a result, the shape of the shock front, including the rise time and peak 
value, as well as the duration of the high pressure, contributes to determining the 
optimal bubble diameter. 
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Fig. 3.11 Typical experimental pressure waveforms obtained at distances of 20, 30, and 
50 mm from the discharge point in confined space, 10 mm in width 
 
 
Fig. 3.12 Relationship between peak internal pressure and bubble diameters at distances 
of 20, 30, and 50 mm from the discharge point in confined space, 10 mm in width 
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3.2.3 Concluding Remarks 
 This section has addressed the theoretical analysis of the collapse of a microbubble 
using the Herring bubble motion equation based on experimental pressure profiles. The 
following conclusions can be drawn. 
(1) In the Herring motion equation, a point-symmetrical model of a bubble was assumed 
to be filled with perfect non-conducting, non-viscous, and non-condensing gas, 
given the small volume of microbubble. 
(2) For an arbitrary shock wave pressure profile, an ideal bubble motion was defined as 
the bubble contracting to its minimum radius when the pressure at the shock front 
reached the peak value. Hence, the optimal bubble diameter for maximizing the 
internal pressure was determined from the ideal bubble motion. 
(3) From the theoretical solution to the Herring bubble motion equation, it was found 
that the high peak pressure at the shock front causes the bubble to contract to a 
much smaller size such that a much higher internal pressure is obtained.  
(4) To investigate the factors affecting the ideal bubble motion, the Herring bubble 
equation was solved using the experimental pressure profiles obtained in open and 
confined space. It was found that the shape of the shock front, including the rise 
time and peak value, as well as the duration of the high pressure, contributes to 
determining the optimal bubble diameter.. A long rise time, high peak pressure, and 
long duration of high pressure increased the optimal diameter of a bubble. 
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3.3 Observation of Microbubble Collapse  
3.3.1 Microscopic Observation 
3.3.1.1 Experiment Setup using Microscope 
To understand the behaviors of a single microbubble and multiple microbubbles as 
they interact with a shock wave, a micro-visualized observation was developed using a 
microscope, as shown in Fig. 3.13. The experimental arrangement consisted of a 
microscope (CKX41, Olympus Co.), a high-speed camera (FASTCAM-SA5, Photoron 
Co.), a metal halide lamp (LS-M350), a high-voltage pulse power supply, and a test 
chamber. In the experiment, microbubbles were produced from the air trapped in salt 
crystals. The diameters of the generated microbubbles were about 10–300 m (Wolfrum 
2003). The underwater shock waves inducing the collapse of the microbubbles were 
generated by a high-voltage pulse power supply. 
 
 
Fig. 3.13 Experimental arrangement of microscopic observation 
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  As shown in Fig. 3.13, the microscope was oriented at 90° to capture the rising 
microbubbles in the test chamber. Figure 3.14 is a schematic of the test chamber. The 
test chamber was fixed to the observation plate of the microscope using screws. A thin 
acrylic wall was selected for use in the test chamber because of there being a working 
distance of only 10 mm from the microscope lens. The “working distance” was defined 
as the distance from the lens to the target being observed. However, a large amount of 
energy could be released in the test chamber as a result of the underwater electric 
discharge. The chamber thus had to be relatively thick-walled to prevent the 
deformation of the chamber. Finally, a 3-mm acrylic wall was used for the side of the 
microscope lens. The wall to which the observation plate was attached was 5-mm thick. 
Furthermore, an acrylic block was positioned between the discharge point and 
observation area to prevent any deformation of the chamber. The observation area was 
placed at a point of 50 mm from the discharge point to minimize the effect of the 
electric discharge flushes on the microscope lens. On the other hand, visualization of the 
test chamber was carried out using the shadowgraph method combined with the 
pressure measurement of FOPH 2000. 
 
Fig. 3.14 Schematic of test chamber used in microscopic observation 
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3.3.1.2 Results and Discussion 
Figure 3.15 shows the propagation behaviors of an underwater shock wave as 
generated by the electric discharge in the test chamber, observed using the shadowgraph 
method. Pressure measurement at the observation point was also carried out using 
FOPH 2000. The measured pressure profile is shown in Fig. 3.17. The high-speed 
camera operated at a frame rate of 100 kfps, with an exposure time of 369 ns. In Fig. 
3.15, several precursor waves were found before the generation of the first shock wave 
at 20 s. Moreover, the elastic wave propagating in the acryl wall was captured, and 
then the reflected shock waves from the bottom and the upper side walls of the test 
chamber were also observed. At 40 s, the deformation of the wall was noted around the 
discharge point. Here, a shear wave is thought to be generated behind the first shock 
wave. Corresponding expansion waves could be produced in water by this shear wave. 
As shown in Fig. 3.16, the deformations of the wall material were also found in other 
positions. 
 
Fig. 3.15 Underwater shock wave generated by electric discharge in test  chamber as 
observed using shadowgraph method 
 
Fig. 3.16 Deformation of wall in test chamber 
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Figure 3.17 shows the pressure history obtained at a point of about 53 mm from the 
discharge point in the test chamber. The pressure history shows that there were several 
precursor waves of less than 1 MPa before the first shock wave. According to the results 
of our previous research, multiple shock waves were generated from different discharge 
points on the electrodes and at different timings when an underwater electric discharge 
was induced by the high-voltage power supply. Therefore, these precursor waves could 
also be produced by an electric discharge. The first shock wave reached the fiber of the 
pressure transducer 53.7 s after the electric discharge. The peak pressure behind the 
first shock wave front was about 4.1 MPa. There were also several negative pressure 
spikes behind the first shock wave. This suggests that the water was subjected to a load 
by the tensile stress, which was closely related to the propagation of shear waves in the 
acryl material. Therefore, the production of cavitation bubbles is expected behind the 
shear waves. This was confirmed in Fig. 3.15.  
 
Fig. 3.17 Pressure profile obtained using FOPH 2000 at point of 50 mm 
 from discharge point in water chamber 
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Figure 3.18 shows the behaviors of a single bubble after the passage of an incident 
shock wave. The imaging was done using a 4 image magnification, a 369-ns exposure 
time, and a 10-s frame interval. The propagation direction of the incident shock wave in 
the frames was from left to right. The initial microbubble diameter was about 25 m. The 
bubble formed a micro-jet 20 s after the incident shock wave passed through it, after 
which it expanded to about 125 m, eventually breaking into several bubbles after 40 s. 
These bubbles re-expanded and coalesced after 160 s to form a single bubble with a 
diameter of 20 m. It was, however, observed that some of the smaller bubbles remained 
in a cloud-like form around the newly formed large bubble. 
Figure 3.19 shows the behaviors of the two bubbles after their collapse. The imaging 
was done using a 10 image magnification, 1-s exposure time, and 100-kfps frame rate. 
The initial diameters of microbubbles ‘a’ and ‘b’ were about 14 m and 20 m, 
respectively, and the distance between the two microbubbles was about 166 m. After 
the passage of a shock wave through the bubbles, microbubbles ‘a’ and ‘b’ expanded to 
diameters of 72 m and 80 m at 20 s. Next, as described in Fig. 3.18, the bubbles 
contracted and broke up into multiple microbubbles. These generated microbubbles 
continued to repeatedly exhibit collapse. Eventually, a microbubble with a diameter of 
24 m was produced. However, several small bubbles remained around the newly 
formed large bubble. 
Figure 3.20 shows the behaviors of the multiple bubbles after their collapse. In this 
case, the imaging was done with a 10 image magnification, 1-s exposure time, and 
100-kfps frame rate. The initial diameter of each microbubble was assumed to be about 
20 m, while the imaging area was 300 × 200 μm2. After the passage of a shock wave 
through the bubbles, they gathered in the center of the image and repeatedly expanded 
and contracted until they coalesced. After 160 μs, the bubbles had integrated into a 
single bubble of about 28 μm in diameter. The above indicates that the complex 
interaction between the microbubbles continues after their interaction with the shock 
wave.  
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Fig. 3.18 Observation of collapse of a single microbubble induced by 
 underwater shock wave using 4 image magnification  
 
Fig. 3.19 Observation of collapse of two microbubbles induced by  
underwater shock wave using 10 image magnification  
 
Fig. 3.20 Observation of multi-bubble fusion induced by  
underwater shock wave using 4 image magnifications  
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3.3.2 Ultra-High-Speed Visualization 
3.3.2.1 Experimental Setup for Visualization 
Figure 3.21 is a schematic of the experimental water tank, which consisted of three 
components: a shock wave generation unit (SU), a microbubble position control unit 
(MU), and a buffer unit (BU). The components were separated by 0.1-mm silicone films. 
There were three electrode holes made in the SU at points of 20, 30, and 50 mm from 
the observation point in the MU. The pressure measurements were carried out at three 
positions at the discharge points. The BU was used as a shield against the effect of the 
reflected shock wave. Water inlet and outlet holes were also made in the rear of the MU 
to allow the down flow of water, and the flow rate was adjusted by a valve in the 
drainage pipe. When the floating speed of microbubble equaled the flow speed, the 
microbubbles would remain near the observation point. In addition, the horizontal 
position of the microbubbles was manipulated by tilting the goniometer stage. The 
positioning operations were used to trap the microbubbles in the focus area for 
photographing. Views of the front, side, and top of the experimental water tank are 
shown in Fig. 3.22. 
Figure 3.23 shows the principle of microbubble spatial position control in the 
experimental water tank. The height difference between the water supply tank and water 
outlet tank was used to produce an appropriate speed of flow in the MU, as shown in 
Fig. 3.23 (a). On the other hand, the horizontal position control was achieved by tilting 
the water flow, as shown in Fig. 3.23 (b). Here, by adjusting the goniometer, the 
observation area in the MU could be tilted around the central axis and thus the flow was 
tilted equally. The buoyant force of the microbubble was always upwards. The speed of 
the bubble in the horizontal direction was obtained by combining the speed of the 
buoyancy and the downward water flow. In addition, a knob stage controlling the 
movement of the water tank in the depth direction was set to focus the targeted bubbles 
with the camera lens. 
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Fig. 3.21 Experimental water tank consisting of three components: shock wave 
generation unit (SU), microbubble position control unit (MU), and buffer unit (BU) 
 
 
Fig. 3.22 Front, side, and top views of experimental water tank 
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(a) Vertical position control by adjusting flow velocity 
 
(b) Horizontal position control by adjusting stage 
Fig. 3.23 Principles of microbubble spatial position control in water tank 
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As shown in Fig. 3.23, an appropriate water flow speed plays an important role in 
bubble spatial position control in the water tank. It is necessary to understand the 
relationship between the diameter of a rising bubble and the velocity of the water flow. 
Figure 3.24 is a schematic of the measurement of the diameter of the rising bubble. 
During the measurement, the velocity of the water flow was obtained by weighing the 
volume of water in the water outlet tank at the instant the generated bubble was fixed at 
the observation point in the water tank in Fig. 3.22. Here, the cross-sectional area was 2 
cm
2
 at the observation point and thus the buoyancy velocity of the bubble could also be 
obtained. On the other hand, the diameter of the bubble could be affected by the 
diffusion of gas at the interface during the measurement. Therefore, the images of the 
bubbles were captured when they were completely stationary at the observation point. 
To evaluate the performance of the experimental measurements, a theoretical analysis 
was employed to calculate the buoyancy velocity of the bubble by using Stokes 
equation, as shown in Eq. 3.18. 
   𝑉 =
1
18
× 𝑔 ×
𝑑2
𝛾
, (3.18) 
where g is the acceleration due to gravity, and  is the dynamic viscosity coefficient, 
(1.14 × 10
−6
 m
2
/s at 15°).  
 
Fig. 3.24 Schematic of measurement of diameter of rising bubble 
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Figure 3.25 is a schematic of the optical arrangement for visualizing the collapse of a 
microbubble using an ultra-high-speed framing camera. The experimental setup 
consisted of an ultra-high-speed framing camera, an oscilloscope, a fiber-optic probe 
hydrophone, a focus-adjustable camera, a flash light source, a metal halide lamp 
(LS-M350, SUMITA Optical glass Inc.), a pulse generator, and a high-voltage pulse 
discharge power supply for generating an underwater shock wave. Two types of 
ultra-high-speed framing cameras (SIM, Specialized Imaging Co.; ULTRA Neo, Nac 
Image Technology Co.) were used for the observation. In the experiment, salt crystals in 
which air was trapped were put into the MU to generate the microbubbles. Underwater 
shock waves were generated from the discharge point at a point of 20 mm from the 
observation point. As shown in Fig. 3.25 (a), the observation point in the MU was first 
determined by focusing the focus-adjustable camera when the metal halide lamp was 
used as the light source. When the generated microbubble moved up due to the 
buoyancy force, it was manipulated by the goniometer and the valve of the drainage 
pipe to maintain its position in the preset focus of the focus-adjustable camera. Next, as 
shown in Fig. 3.25 (b), the focus-adjustable camera was thereafter replaced by the flash 
lamp, which had a pinhole, and the experimental observation with the ultra-high-speed 
framing camera was commenced. In addition, pressure measurement was also carried 
out using the FOPH 2000. 
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(a) Arrangement for microbubble spatial position control  
 
 
(b) Arrangement for observation of microbubble collapse 
Fig. 3.25 Schematic of optical arrangement for visualizing collapsing motion of 
microbubble using ultra-high-speed framing camera 
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3.3.2.2 Results and Discussion 
  Figure 3.26 shows a comparison of the buoyancy velocity with variations in the 
bubble diameter between experimental measurements and theoretical solutions to the 
Stokes equation. The red squares indicate the values measured using the experimental 
setup in Fig. 3.24. The blue line represents the theoretical values obtained with the 
Strokes equation. This figure shows that the experimental measurements and the 
theoretical estimates exhibited almost the same tendency. With an increase in the bubble 
diameter, the buoyancy velocity increased. For bubbles with a diameter of less than 50 
m, the measured values were in good agreement with the theoretical values. However, 
for bubble diameters of more than 50 m, the measured values were lower than the 
theoretical results. It may be difficult for bubbles with a diameter in excess of 50 m to 
maintain their spherical shape due to their relatively small surface tension. Therefore, 
the drag became larger and thereby reduced the rising velocity of the bubble. Given this 
effect, the experimental water tank allowed us to easily position smaller bubbles with a 
diameter of less than 50 m. 
 
Fig. 3.26 Comparison of buoyancy velocity with variations in bubble diameter as 
obtained experimentally and with the Stokes equation 
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  Figure 3.27 shows the relationship between the peak pressures obtained with the 
FOPH 2000 and the distance from the discharge point in the experimental water tank. It 
was found that the pressures behind the first shock wave decreased from 13.0 MPa at 20 
mm to 4.13 MPa at 50 mm. In the visualized experiments, the discharge point at 20 mm 
was used to enhance the pressure applied to the microbubbles. 
 
 
Fig. 3.27 Peak pressures vs. distances from discharge point in water tank 
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Figure 3.28 shows the observation of the motion of microbubbles induced by an 
incident shock wave. The incident shock wave propagated from right to left in the 
images. After the shock wave had passed, the collapsing motion of the microbubbles 
was induced. In frame 1, the bubbles behind the incident shock wave were not 
recognized due to their contractions. In the following frame 2, the rebound shock waves 
and deformation of the bubbles induced by their collapse were also captured. 
 
 
Fig. 3.28 Observation of motion of microbubbles induced by an underwater shock wave 
in experimental water tank 
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Figure 3.29 (a) shows images of a microbubble interacting with an underwater shock 
wave obtained by the SIM. The images were obtained using an exposure time of 30 ns, a 
frame interval of 450 ns, and an initial bubble diameter of 45 µm. The propagation 
direction of the shock wave was from right to left in the frames, and the microbubble 
interacted with the shock wave between frames 2 and 3. In frame 4, a spherical rebound 
shock wave was observed around the microbubble. These images suggest that the bubble 
maintained a spherical shape during the collapse. In addition, the propagation velocity of 
the underwater shock wave was found to be about 1400 m/s at 15
o
C.  
Figure 3.29 (b) shows the experimental and analytical time variations of the bubble 
diameter and the experimental pressure profile of the shock wave. The diameters of the 
bubbles in the frames were 45, 45, 36, and 26 m, respectively. The blue line 
corresponds to the experimental pressure profile of the FOPH 2000. The theoretical 
analysis was obtained from the Herring bubble motion equation in terms of the pressure 
profile. The triangle on the horizontal axis indicates the time at which the bubble 
contracted to the minimum radius. Here, the triangle was estimated from the mean 
propagation speed of the rebound shock wave around the bubble in frame 4. As a result, 
the theoretical solution obtained from the Herring bubble equation can be seen to be in 
good agreement with the experimental results. 
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(a) Images of interaction of microbubble with underwater shock wave 
 obtained by SIM  
 
 
(b) Experimental and analytical time variations of bubble diameter and experimental 
pressure profile of incident shock wave 
Fig. 3.29 Spherical collapsing motion of microbubble induced by underwater shock 
wave: initial bubble diameter is 45 m 
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The images shown in Fig. 3.30 (a) were obtained using an exposure time of 30 ns, and 
a frame interval of 300 ns. The initial bubble diameter was about 58 m. The diameters 
of the bubbles in the frames were 58, 58, 45.2, and 35.5 m, respectively. In frame 2, 
the bubble size was not obtained due to the afterimage of frame 1. However, it was 
found that the bubble had just started to interact with the shock front in frame 2. The 
diameter in frame 2 was taken as the initial diameter, 58 m. In Fig. 3.30 (b), the 
experimental observation was in good agreement with the theoretical solution obtained 
with the Herring equation because of the spherical collapse of the bubble. 
 
 
(a) Images of interaction of microbubble with underwater shock wave  
 
(b) Experimental and analytical time variations of bubble diameter and experimental 
pressure profile of incident shock wave 
Fig. 3.30 Spherical collapsing motion of microbubbles induced by underwater shock 
wave: initial bubble diameter is 58 m 
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The images shown in Fig. 3.31 (a) were obtained using an exposure time of 30 ns and a 
frame interval of 300 ns. The initial bubble diameter was about 54.8 m. The diameters 
of the bubble in frames were 54.8, 54.8, 43.5, and 32.3 m, respectively. In Fig. 3.31 (a), 
it was found that the bubble maintained a spherical shape as it collapsed. Hence, the 
experimental observation was in good agreement with the theoretical solution obtained 
with the Herring bubble motion equation, as shown in Fig. 3.31 (b). 
 
 
(a) Images of interaction of microbubble with underwater shock wave  
obtained by SIM  
 
(b) Experimental and analytical time variations of bubble diameter and experimental 
pressure profile of incident shock wave 
Fig. 3.31 Spherical collapsing motion of microbubbles induced by underwater shock 
wave: initial bubble diameter is 54.8 m 
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Figure 3.32 (a) shows images of a microbubble interacting with an underwater shock 
wave as obtained by SIM. The images were obtained using an exposure time of 30 ns and 
a frame interval of 450 ns. The initial bubble diameter was 48.3 m. In frame 2, the 
shock wave has just passed through the microbubble. In frame 3, the microbubble has 
begun to shrink and a spherical rebound shock wave has been generated. In frame 4, it 
can be seen that the shadow of the expanding microbubble has lost its spherical shape, 
suggesting that a micro-jet was generated towards the left, i.e. the propagation direction 
of the underwater shock wave. Therefore, a non-spherical rebound was generated in this 
case.  
Notwithstanding, the analytical results obtained in this case were compared with 
those obtained experimentally in Fig. 3.32 (b). The diameters of the bubbles in the 
frames were 48.3, 48.3, 22, and 29 m, respectively. The triangle on the horizontal axis 
indicates the estimated time at which the shrinkage of the bubble is a maximum. It was 
observed that the experimental bubble motion was slower than the analytical estimate at 
about 130 ns.  
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(a) Images of interaction of microbubble with underwater shock wave  
obtained by SIM  
 
 
(b) Comparison of bubble diameter with variation in time between experimental 
observation and theoretical analysis 
Fig. 3.32 Non-spherical collapsing motion of microbubbles induced by underwater 
shock wave: initial bubble diameter is 48.3 m 
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3.3.3 Concluding Remarks 
This section has described the microscopic and ultra-high-speed observations that 
were carried out to investigate the behaviors of microbubble collapse in response to an 
underwater shock wave. For the experiments, the microbubbles were produced by air 
trapped in salt crystals and a high-voltage pulse power supply was used to generate an 
underwater shock wave. The following conclusions were obtained: 
(1) The microscopic observation focused on the motion of a single bubble or multiple 
bubbles after the first rebound. In the case of a single microbubble, it was observed 
that a single microbubble was broken into some fine bubbles after its rebound, and 
then the generated bubbles re-expanded and finally coalesced to form a single 
bubble after several hundred microseconds. In the case of multiple microbubbles, 
they repeatedly expanded and contracted until they coalesced after the shock wave 
passed through. 
(2) The ultra-high-speed observation aimed to capture the behaviors of the first collapse. 
To enhance the performance of the experimental observation of the microbubble 
behavior, spatial positioning control of bubble was introduced. The ultra-high-speed 
camera captured the rebound shock wave and micro-jet during the collapse of the 
bubble induced by the underwater shock wave. Comparisons of the bubble diameter 
with time as obtained by experimental observation and theoretical analysis were 
carried out.  
(3) For a spherical collapse, the time variations of the bubble diameter observed 
experimentally were found to be in good agreement with the theoretical solutions 
obtained with the Herring equation. In the case of a non-spherical collapse, the 
corresponding experimental results differed from the theoretical analysis obtained 
with the Herring bubble motion equation.  
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3.4 Impact Model of Microbubble-Shock Wave Interaction 
Both the experimental visualization and the theoretical solution to the Herring bubble 
motion equation showed that a microbubble, upon interacting with a shock wave, 
exhibited an ideal spherical collapse because of the relatively large surface tension, as 
described in Section 3.3. Ding and Gracewski (1996) numerically investigated the 
behavior of a gas bubble when subjected to both weak shocks (P∞ ≤ 30 MPa) and strong 
shocks (P∞ = 500–2000 MPa). They thought that a liquid jet would not be formed by a 
weak shock wave when a 100-m diameter bubble collapsed as a result of only slight 
non-spherical motion of the interface. Wolfrum et al. (2003) compared their experimental 
results for microbubble motion as induced by an underwater shock wave with the 
predictions obtained with a simple one-dimensional model of a spherical bubble using the 
experimental shock pressure profile. They also found that their results were in good 
agreement. Furthermore, Maeno et al. (2013) observed the motion of a microbubble, 45 
m in diameter, when exposed to a pressure of 8 MPa behind an underwater shock wave 
generated by an electric discharge. They confirmed the spherical motion of the 
microbubble and the agreement between the experimental and analytical results obtained 
using the Herring bubble motion equation. These results suggest that a smaller bubble 
can maintain a spherical shape during a collapse induced by shock pressure. 
On the other hand, it was observed that a single microbubble broke up into multiple 
smaller bubbles after the rebound, and then the generated bubbles re-expanded and 
finally coalesced to form a single bubble. Furthermore, in the theoretical analysis based 
on the Herring equation, the collapse of the microbubble after the first rebound was 
weakened due to the compressibility and viscosity of the water. Hence, it is suggested 
that a strong spherical underwater shock wave is generated immediately upon the first 
rebound of the microbubble. Based on the above, a physical interaction model is built to 
simulate the generation and propagation of a spherical underwater shock wave by the 
first rebound of microbubble. Here, it is assumed that the microbubble exposed to an 
underwater shock wave maintains its spherical shape. The impact interaction model is 
conducted as a one-dimensional point-symmetric numerical simulation with the 
implementation of the time history of the bubble surface velocities as calculated by the 
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Herring bubble motion equation. In the numerical analysis, the size of the 
computational grid is directed by the theoretical solution of the bubble radius.  
 
3.4.1 Point-Symmetric TVD Scheme 
A point-symmetric total variation diminishing (TVD) scheme is applied to the 
simulation of the propagation of an underwater shock wave in water. The fundamental 
equations in the point-symmetric simulation are given as Eq. 3.19.  
   𝑈𝑡 + 𝐹(𝑈)𝑟 = −𝐺(𝑈), (3.19) 
where U is the vector of the conservative variables, F is the flux vector, G is the 
attenuation vector, t is the time, and r is the radial coordinates. Those vectors, U, F, G, are 
written as follows: 
   𝑈 = [
𝜌
𝜌𝑢
] ,  𝐹(𝑈) = [
𝜌𝑢
𝑝 + 𝜌𝑢2
] ,  𝐺(𝑈) =
2
𝑟
[
𝜌𝑢
𝜌𝑢2
], (3.20) 
where P is the pressure, is the density, and u is the velocity of water in the radial 
direction. 
The Tait equation of state for water is used in the following equation, 
   
𝑝 + 𝐵
𝑝0 + 𝐵
= (
𝜌
𝜌0
)
𝛾
, (3.21) 
where B and  are constant values, B = 2963 bar, and  = 7.41, respectively, and subscript 
0 indicates the initial state. 
The equation for the speed of sound is written as Eq. 3.22, based on the Tait equation, 
   a = √
𝛾(𝑝0 + 𝐵)
𝜌
(
𝜌
𝜌0
)
𝛾
. (3.22) 
First, considering one-dimensional point-symmetry, Eq. 3.19 can be rewritten as Eq. 
3.23, 
   𝑈𝑡 + 𝐴𝑈𝑟 = 0, (3.23) 
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where A is the Jacobian matrix of the flux and is written as follows, 
   A = 𝐹𝑈 = [
0 1
𝑎2 − 𝑢2 2𝑢
]. (3.24) 
Matrix A is diagonalized and the eigenvector R at the right side of matrix A is given by 
Eq. 3.25, 
   𝑅 = [
1 1
𝑢 − 𝑎 𝑢 + 𝑎
]. (3.25) 
Similarly, the eigenvector R
−1 
at the left side of matrix A is given by Eq. 3.26, 
   𝑅−1 =
1
2𝑎
[
𝑢 + 𝑎 −1
−𝑢 + 𝑎 1
]. (3.26) 
Next, both sides of Eq. 3.23 are multiplied by R
−1
 and the equation is rewritten to give 
Eq. 3.27:  
   𝑅−1𝑈𝑡 + 𝑅
−1𝐴𝑈𝑟 = 0. (3.27) 
If ?̃? = 𝑅−1𝐴𝑅, Eq. 3.27 can be rewritten to give Eq. 3.28: 
   (𝑅−1𝑈)𝑡 + ?̃?(𝑅
−1𝑈)𝑟 = 0. (3.28) 
The numerical flux in the TVD scheme is defined as follows, 
   𝑓𝑗+1 2⁄ =
1
2
[(𝑓𝑗+1 + 𝑓𝑗) − |𝑐|(𝑢𝑗+1 − 𝑢𝑗)]. (3.29) 
Eq. 3.30 is obtained by substituting Eq. 3.28 into Eq. 3.29 
   (?̃?𝑅−1𝑈)
𝑗+1 2⁄
=
1
2
[?̃?(𝑅−1𝑈)𝑗+1 + ?̃?(𝑅
−1𝑈)𝑗 − |?̃?|𝑅
−1(𝑈𝑗+1 − 𝑈𝑗)]. (3.30) 
Roe (1986) used a special form of averaging that offers the computational advantage 
of perfectly resolving stationary discontinuities. Roe’s averaging takes the form, 
   𝑢𝑗+1 2⁄ =
?̅?𝑢𝑗+1 + 𝑢𝑗
?̅? + 1
, (3.31) 
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where 
   ?̅? = √𝜌𝑗+1 𝜌𝑗⁄ . (3.32) 
Eq. 3.29 is multiplied by the eigenvector R and = 𝐴𝑈𝑥 = (𝑅?̃?𝑅
−1)𝑈. Eq. 3.33 is 
presented as follows, 
   𝑓𝑗+1 2⁄ =
1
2
[(𝑓𝑗+1 + 𝑓𝑗) − 𝑅?̃?𝑅
−1(𝑢𝑗+1 − 𝑢𝑗)]. (3.33) 
The modification flux  is substituted into Eq. 3.33 to give Eq. 3.34, as follows: 
   𝑓𝑗+1 2⁄ =
1
2
[(𝑓𝑗+1 + 𝑓𝑗) + 𝜙𝑗+1 2⁄ ]. (3.34) 
Finally, the one-dimensional equation in conservative form can be written as 
   𝑢𝑗
𝑛+1 = 𝑢𝑗
𝑛 − 𝜆(𝑓𝑗+1 2⁄ − 𝑓𝑗−1 2⁄ ). (3.35) 
The attenuation vector G in Eq. 3.19 is analyzed numerically by the application of the 
second-order Rung-Kutta method.  
The Rung-Kutta equation is as follows:  
   𝑢𝑛+1 = 𝑢𝑛 + ∆𝑡𝑓(𝑢∗), 
(3.36)    𝑢∗ = 𝑢𝑛 +
∆𝑡
2
𝑓(𝑢𝑛), 
   𝑓(𝑢𝑛) =
𝑘1 + 𝑘2
1
2
, 
where k1 and k2 are as follows: 
   𝑘1 = ∆𝑡
2
𝑟
(−𝜌𝑢), (3.37) 
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   𝑘2
1 = ∆𝑡
2
𝑟
(−𝜌𝑢2). 
The second-order accurate explicit TVD finite differential scheme of the Harten–Yee 
type (1985) is used in this numerical simulation. Eq. 3.34 is rewritten to give Eq. 3.38, 
   𝑓𝑗+1 2⁄ =
1
2
[(𝑓𝑗+1 + 𝑓𝑗) + 𝜙𝑗+1 2⁄ ]. (3.38) 
When 𝑓 = 𝑓 + 𝑔  𝜙𝑗+1 2⁄  and modified flux  =j+1/2, Eq. 3.34 becomes Eq. 3.39, 
   𝜙𝑗+1 2⁄ = 𝜎(𝑎𝑗+1 2⁄ )(𝑔𝑗 + 𝑔𝑗+1) − ψ(𝑐𝑗+1 2⁄ + Υ𝑗+1 2⁄ )(𝑢𝑗+1 − 𝑢𝑗). (3.39) 
Super bee (𝑔 = [0, Min(2γ, 1), Min(γ, 2)]) was applied to the simulation as the 
flux limiter. Super bee is represented as follows, 
   𝑔 = S ∙ MAX[0, 𝑚𝑖𝑛(2|𝛥𝑗+1 2⁄ |, 𝑆 ∙ 𝛥𝑗−1 2⁄ ), 𝑚𝑖𝑛(|𝛥𝑗+1 2⁄ |, 2𝑆 ∙ 𝛥𝑗−1 2⁄ )], (3.40) 
    S = sgn(𝛥𝑗+1 2⁄ ). (3.41) 
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3.4.2 Simulation of Rebound Shock Wave Generation 
Figure 3.33 shows a concept of a spherical underwater shock wave generated by the 
first rebound of a microbubble after the passage of a shock wave. The microbubble 
begins to contract as soon as it encounters the shock wave. In the meantime, the 
pressure inside the bubble increases exponentially with the contraction and then reaches 
a maximum when the bubble contracts to its minimum radius. Next, the bubble surface 
expands at extremely high speed due to a remarkably large pressure difference between 
the inside and outside of the bubble. At this time, a spherical rebound shock wave is 
generated by the impact on the water around the bubble. Hence, to analyze the 
generation of the rebound shock wave, it is necessary to understand the collapse of the 
microbubble. The Herring bubble motion equation is used to solve the bubble diameter 
and the surface velocity with variations in time. These theoretical solutions are 
employed in the point-symmetric TVD scheme as boundary conditions to simulate the 
generation of a rebound shock wave.  
 
Fig. 3.33 Concept of spherical underwater shock wave generated by first rebound of 
microbubble after passage of shock pressure 
 
Figure 3.34 is a schematic of the reconstruction procedure at the computational grid 
size. In this figure, is the computational grid coordinate and ∆ is the grid size in the 
simulation. Grid 1 represents the center of the microbubble. The bubble surface velocity 
obtained from the Herring bubble motion equation was applied to grid 2 as the left side of 
the boundary conditions. Here, the condition of grid 1 was the same as that of grid 2. 
The outflow boundary condition was used for the right-side boundary. In addition, for the 
initial conditions of this simulation, the pressure and density values were set to those 
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existing behind the incident underwater shock wave, and the particle velocity of the water 
was assumed to be 0 because it was much smaller than the bubble surface velocity. 
As shown in Fig. 3.33, a rebound shock wave is generated just after the bubble begins 
to expand from its minimum size. Hence, an extremely small computational grid is 
required to obtain the pressure behind the rebound shock wave. However, using such a 
small grid wastes computational time during bubble expansion. Therefore, to prevent 
degradation of the computational accuracy owing to the bubble contraction, the 
computational grids were reconstructed at every computational time step so that the grid 
size was equal to the radius of the bubble. Thus, the total number of computational grids 
remained constant. As a result, the calculation accuracy increased as the grid size 
decreased during bubble contraction and the total computational length decreased. On 
the other hand, the calculation accuracy decreased as the microbubble expanded. This 
treatment of the grid construction is thought to be reasonable because the characteristic 
speed increased locally and instantly owing to high internal pressure immediately after 
its first rebound.  
 
Fig. 3.34 Schematic of reconstruction of computational grid  
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The procedure applied with the physical impact model based on the collapse of a 
microbubble when interacting with a shock wave is described below: 
(1) Obtain the experimental pressure data of the incident shock wave, P∞.  
(2) Substitute P∞ into the Herring bubble motion equation, Eq. 3.11, and obtain the 
bubble surface velocity and diameter. 
(3) Calculate the TVD finite differential scheme under the boundary condition of the 
bubble surface velocity and diameter, and obtain the relationship between the 
pressure and radius of a spherical rebound shock wave. 
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3.4.3 Results and Discussion 
The experimental conditions for the observation of microbubble collapse shown in 
Fig. 3.28 were taken as an example to introduce the procedure for using the impact 
model in detail. Figure 3.35 shows the pressure profile of the incident shock wave at a 
point of 20 mm from the discharge point in the experimental water tank. In the 
following analysis, the pressure profile will be substituted into the Herring bubble motion 
equation as P∞ to predict the contraction and expansion of a microbubble with an initial 
diameter of 45 m. 
 
Fig. 3.35 Experimental pressure profile of shock wave at 20 mm from discharge point in 
experimental water tank 
Figures 3.36 (a) and (b) represent the theoretical solutions to Herring bubble motion 
equation for a 45-m diameter microbubble. In this analysis, the density of water = 
999.7 kg/m
3
, the viscosity coefficient × −3 Pas, the surface tension= 74 × 
10
−3
 N/m, and the specific heat ratio of air = 1.4 were used. Figure 3.36 (a) shows the 
time variations of the bubble diameter and surface velocity. The bubble diameter reaches 
a minimum at only 0.306 s, whereas the bubble surface starts to contract with 
acceleration, and the surface speed become about 586 m/s in the direction of contraction. 
After the bubble radius reaches a minimum, the bubble surface velocity starts to 
accelerate in the positive direction of expansion, reaching about 291 m/s. Figure 3.36 (b) 
shows the time variation in the internal pressure of the bubble. A maximum pressure of 
78 
 
about 1127 MPa is obtained at the first rebound. This indicates that a strong spherical 
underwater shock wave is generated around the bubble at almost the same time when the 
internal pressure reaches peak value. These theoretical solutions can be applied to the 
point-symmetric TVD scheme to analyze the pressure attenuations behind the spherical 
underwater shock wave. 
 
 (a) Time variation of bubble diameter and surface velocity 
 
(b) Time variation of pressure inside microbubble 
Fig. 3.36 Analytical solution using Herring bubble motion equation for 45-m diameter 
microbubble 
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Figure 3.37 shows the time variation of the computational grid size in the 
point-symmetric simulation. The computational grid size is normalized by 22.5 m of 
the initial bubble radius. From this figure, we can see that the change in the 
computational grid size in this simulation was consistent with the variation in the bubble 
radius. 
 
Fig. 3.37 Time variation of computational grid size 
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As shown in Fig. 3.36 (b), the internal pressure of the microbubble increases 
continuously, finally reaching about 1127 MPa. Therefore, a higher water pressure at the 
microbubble surface is needed to counteract the internal pressure and then cause the 
bubble to contract. This is also described in Eq. 3.18. Equation 3.18 shows the variation 
in the water pressure P with the collapse of the microbubble, neglecting the water 
compressibility and viscosity. For example, when a stationary bubble exhibits a 10
2
 kPa 
pressure difference between its inside and outside, the bubble begins to contract. When 
the diameter of the bubble is a tenth of the initial value and the contraction velocity is 
260 m/s, the water pressure P at the bubble surface reaches a peak value of 16 MPa.  
   𝑃 = 𝑃∞ + 𝜌 (
𝑅2?̈? + 2𝑅?̈?
𝑟
−
𝑅4?̇?2
2𝑟4
) (3.18) 
 
Figure 3.38 shows the distribution of the water velocity and pressure on the 
computational grid, 0.2741 s after the bubble interacts with a shock wave. The total 
number of computational grids is 100 in the point-symmetric simulation. Grid 1 is the 
center of the bubble and grid 2 is the bubble surface. According to the description in Fig. 
3.36, the bubble accelerates to contract at 0.2741 s. In this figure, the negative area is 
generated due to tensile stress since the water around the bubble is not able to catch up 
with the bubble’s accelerated motion. To counteract the internal pressure, the pressure at 
the bubble surface reaches about 180 MPa.  
Next, Fig. 3.39 shows the negative area expanding with the contraction and the 
pressure at the bubble surface still increasing at 0.2936 s. Figure 3.40 shows the 
distribution of the water velocity and pressure when the bubble begins to expand from 
its minimum size. At 0.3021 s, it is found that the water around the bubble is still 
moving towards the bubble. Hence, the positive pressure at the bubble surface continues 
to increase due to the impact on the water. At 0.3047 s, the pressure at the bubble 
surface reaches a peak. A shock wave front of about 500 MPa can be clearly seen at 
0.3080 s in Fig. 3.42. In addition, the water around the bubble is moving outwards, but 
the water distant from the bubble is still moving towards it. 
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Fig. 3.38 Distributions of water velocity and pressure on computational grid  
0.2741 s after passage of shock pressure 
 
 
Fig. 3.39 Distributions of water velocity and pressure on computational grid  
0.2936 s after passage of shock pressure 
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Fig. 3.40 Distributions of water velocity and pressure on computational grid  
0.3021 s after passage of shock pressure 
 
 
Fig. 3.41 Distributions of water velocity and pressure on computational grid  
0.3047 s after passage of shock pressure 
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Fig. 3.42 Distributions of water velocity and pressure on computational grid  
0.3080 s after passage of shock pressure 
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The results shown in Fig. 3.42 indicate that a spherical rebound shock wave front 
should be generated before 0.3080 s. To investigate the generation of the shock front, 
the distributions of the water pressure from 0.3051 s to 0.3066 s are shown in Fig. 
3.43. At 0.3051 s, the pressure at the bubble surface reaches a peak. With the bubble 
expansion, it is found that the pressure at the bubble surface is decreasing and the shock 
wave front is observed clearly at 0.3066 s. This indicates that the rebound shock wave 
should be generated between 0.3051 s and 0.3066 s. However, it is difficult to 
accurately determine the time at which the shock wave is generated. Hence, in the 
numerical analysis, the maximum pressure at the bubble surface is defined as the peak 
pressure of the rebound shock wave and thereby 0.3051 s is taken as the generation 
time of the rebound shock front. This definition is thought to be reasonable because of 
the extremely short time between the generation of the maximum pressure at the bubble 
surface and the clearing of the shock wave front. 
 
 
Fig. 3.43 Distributions of water pressure with time after first rebound of microbubble 
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Figure 3.44 shows the pressure attenuation behind a spherical rebound shock wave 
front generated by the first rebound of a microbubble with a 45-m initial diameter. The 
abscissa indicates the distance from the center of the microbubble while the ordinate is 
the pressure. From this figure, we can see that the maximum pressure of the rebound 
shock wave is about 3376 MPa when the bubble diameter reaches the minimum value of 
5.2 m. This peak pressure is higher than the maximum pressure inside the microbubble, 
1127 MPa. The pressure of the shock wave front decreases exponentially from 3376 MPa 
with the distance from the center of the microbubble. A kink on the pressure curve 
observed at around 0.0227 mm is caused by a sudden change in the surface velocity from 
contraction to expansion. Based on the pressure attenuation curve, the pressure behind 
the rebound shock wave in frame 4 of Fig. 3.28 is estimated to be about 6.81 MPa. 
 
 
Fig. 3.44 Pressure attenuation curve of spherical shock wave front generated by first 
rebound of microbubble with 45-m initial diameter  
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Figure 3.45 shows a comparison of the maximum internal pressure and that of the 
rebound shock wave of a microbubble exposed to the pressure profile in Fig. 3.37. The 
abscissa is the bubble diameter, from 4 m to 150 m. From this figure, we can see that 
both curves exhibit the same tendency with the variation in the bubble diameter. The 
main reason for this is that the total energy of the pressure inside the bubble is used to 
generate a spherical rebound shock wave when the energy loss is neglected owing to the 
gas exchange at the bubble surface, according to the spherical model of microbubble in 
Fig. 3.1. It is found that the pressures of the rebound shock wave in this case are three 
times higher than the pressures inside the bubble. 
 
Fig. 3.45 Comparison of maximum pressure between rebound shock wave and internal 
pressure using pressure profile obtained 20 mm from discharge point 
 
To analyze the correlation between the rebound shock wave and internal pressure of 
the bubble, Pearson’s correlation Cp coefficient was introduced. This is a statistical 
measure of the strength of a linear relationship between a pair of data. Pearson’s 
correlation coefficient indicates the covariance of the two variables divided by the 
product of their standard deviations in Eq. 3.42, 
𝐶𝑝 =
𝐶𝑜𝑣. (𝑋, 𝑌)
𝜎𝑋𝜎𝑌
, (3.42) 
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where X and Y are a series of numbers, Cov. is the covariance, and X andY are the 
standard deviations of X and Y, respectively.  
Evans (1996) suggested a guide for verbally describing the strength of the correlation, 
as shown in Table 3.3. 
Table 3.3 Guide for describing correlation strength 
 
  
  The correlation coefficients shown in Fig. 3.45 were calculated to be about 0.981. 
This indicates that the pressure of the rebound shock wave is proportional to that inside 
the bubble. The pressure of the rebound shock wave is related directly to the 
sterilization effect. Thus, the optimal bubble diameter, resulting in a high sterilization 
effect, is determined for an arbitrary pressure profile of an underwater shock wave. 
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3.4.4 Concluding Remarks 
  To estimate the pressure attenuation behind the rebound shock wave, an impact 
model was created based on the interaction between a microbubble and a shock wave. 
First, a point-symmetric TVD scheme was employed to analyze the propagation of the 
underwater shock wave. The theoretical solutions obtained from the Herring bubble 
equation were introduced to the numerical simulation as boundary conditions to 
simulate the generation of a spherical underwater shock wave induced by the first 
rebound of the microbubble.  
(1) The impact model allowed us to better understand the generation of the rebound 
shock wave from the collapsing bubble. The negative pressure around the bubble 
was generated due to the tensile stress arising during the accelerated contraction. 
Moreover, to counteract the high internal pressure and then cause the bubble to 
contract, the water pressure at the bubble surface had to continuously increase 
during the contraction. Immediately after the bubble expanded from its minimum size, 
the rebound shock wave was generated. 
(2) The pressure behind the rebound shock wave front in the optical observation was 
estimated to be 6.81 MPa when using the impact model.  
(3) On the other hand, the pressures behind the rebound shock waves of bubbles with 
different initial diameters were investigated using the impact model. It was found 
that the maximum pressure of the rebound shock wave was proportional to that of 
the internal pressure with the variation in the bubble diameters.  
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3.5 Pressure Quantitation using BOS Method 
3.5.1 Introduction 
  As a conventional means of obtaining the pressure attenuation behind a rebound 
shock wave, several pressure transducers were set around a microbubble. However, the 
setting of the transducers is difficult for the microbubble using the method. Moreover, 
the transducer is not able to measure the pressure within the region of the maximum 
bubble diameter. This is because the bubble surface impacts the transducer during the 
expansion, adversely affecting the measurement. To develop a pressure quantitation 
technique for the rebound shock wave of a microbubble, the background-oriented 
schlieren (BOS) method is applied.  
The principle of the BOS technique is based on the variations in the refractive index 
caused by density gradients in the flow. Then, the background-element displacements are 
determined from the contrast between the undistorted and distorted images. Generally, 
the cross-correlation method based on a fast fourier transform (FFT) algorithm, as used in 
the particle image velocimetry (PIV) technique, is applied to the estimation of the 
background-element displacements (Venkatakrishnan and Meier 2004; Venkatakrishnan 
and Suriyanarayanan 2009). However, an underwater shock front with a density jump and 
small radii of curvature probably induces not only displacements in the background but 
also deformation. This could exacerbate the difficulties facing the accurate detection of 
the background element displacements using a cross-correlation method based on the 
FFT algorithm. Yamamoto et al. (2015) used the FFT window deformation (FFT-wd) 
algorithm to acquire the background-element displacements of a laser-induced 
underwater shock wave. The maximum displacement was about 1 pixel in their BOS 
system. Consequently, the accurate estimation of a sub-pixel displacement is necessary 
for application of the BOS technique to measurement of the pressure of an underwater 
shock wave. It is well known that the spatiotemporal derivative (STD) algorithm provides 
an excellent estimation of the sub-pixel displacement and has also been applied to flow 
field measurements (Nishio et al., 1998) and wall shear stress measurement 
(Okuno,1995). Sugii et al. (2000) also pointed out that the sub-pixel displacement could 
be accurately evaluated using the STD algorithm. Furthermore, Atcheson et al. (2009) 
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argued that BOS estimates could be improved by implementing the STD algorithm 
proposed by Horn and Schunck (1981). 
  This section reports on a fundamental study on the measurement of the pressure of 
an underwater shock wave using the BOS method. First, an experimental setup for the 
BOS system is built to visualize the shock wave generated by an underwater electric 
discharge. Next, to estimate the sub-pixel displacements induced by the underwater 
shock wave, the STD algorithm is proposed to analyze the pair images obtained with the 
BOS system. Furthermore, the accuracy of the STD algorithm is evaluated and compared 
with the cross-correlation algorithms using visualization images. Subsequently, pressure 
distributions are obtained by solving the Poisson equation and applying a filtered-back 
projection algorithm. Finally, we discuss the pressure waveforms of the underwater shock 
waves based on the experimental profiles, and compare the pressure attenuations behind 
the shock waves with experimental measurements. 
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3.5.2 Experimental setup for BOS System 
Figure 3.46 shows a schematic of the experimental setup. The BOS system consisted of 
a background covered with random dots, a high-speed camera (MEMRECAM HX-3, Nac 
Image Technology), and a metal-halide lamp as the back illumination (LS-M350, 
SUMITA Optical Glass Inc.). An underwater shock wave was generated between the two 
electrodes by using a high-voltage power supply (HPS 18K-A. Tamaoki Electronics Co., 
Ltd.) in a water tank. According to the mechanism of underwater electric discharge, the 
first shock wave was generated by the expansion of the thermal plasma channel 
consisting of high-temperature vapor. A vapor bubble was induced at the tips of the two 
electrodes. Next, a rebound shock wave was produced during the collapse of the vapor 
bubble. The dimensions of the water tank were 255 mm (L) × 180 mm (W) × 180 mm (H). 
The electrodes were tungsten, and the spark gap of the electrodes was 8 mm. The output 
power of the power supply was 49.8 kV. In addition, the size per pixel of the CMOS 
sensor of the camera was 18 m, and the diameter of the dots in the background was 720 
m.  
 
 
Fig. 3.46 Schematic of experimental setup for BOS system 
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To investigate the effect of the interfaces (air/acryl/water/dense-field/water/acryl/air) 
on the distortion of the dots, Fig. 3.47 shows the paths of light rays from the background 
to the high-speed camera, passing through the multimedia. The solid lines are the paths of 
the light rays. The dashed lines are virtual light rays obtained based on the imaging 
principle of the lens. The green line ① is the light path in the absence of the water tank. 
The deflected rays induced by the water tank without and with a shock wave are indicated 
by the yellow line ② and red solid line ③, respectively. In the case of ②, a light ray 
passing through the water tank is parallel to the incident light ray because the direction of 
the light ray is proportional to the ratio of the indices at the interface. A shock wave 
generated by the motion of a vapor bubble is assumed to propagate spherically in the 
water tank and thus the densities behind the shock wave at a certain circumference are the 
same. The light ray crossing the shock wave is parallel to the incident light ray. 
Consequently, although the propagation positions of the light rays change at the interfaces, 
the displacement at the screen, ∆y is not affected once the camera is fixed. 
 
Fig. 3.47 Paths of light rays from background to camera, passing through multimedia: ① 
direct propagation in absence of water tank, ② ray deflected by water tank, ③ ray 
deflected by shock wave 
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From Fig. 3.47, and based on the results of a study by Venkatakrishnan and Meier 
(2004), the deflection angle y of the y axis in Fig. 3.43 is defined as 
   𝜀𝑦 =
1
𝑛0
∫
𝜕𝑛
𝜕𝑦
𝑍𝐷+∆𝑍𝐷
𝑍𝐷−∆𝑍𝐷
𝑑𝑧. (3.43) 
where n0 is the refraction index in water, ZD is the distance from the background to the 
discharge point, and ∆ZD is the half-width of the region of density gradient, ∆ZD≪ZD.  
Further, the relationship between the virtual displacement at the background ∆y’ and 
the displacement at the screen ∆y is obtained from the geometry, 
   
∆𝑦′
𝑍𝐵
=
∆𝑦
𝑓
. (3.44) 
where ZB is the distance from the background to the lens and f is the focal length of the 
lens. 
For small deflection angles, y can be approximated as  
   𝜀𝑦 =
∆𝑦′
𝑍𝐷
. (3.45) 
Consequently, the background-element displacement of the x and y components at the 
screen plane of the camera, ∆x and ∆y are as follows: 
   ∆𝑦 =
𝑍𝐷𝑓
𝑍𝐵
1
𝑛0
∫
𝜕𝑛
𝜕𝑦
𝑍𝐷+∆𝑍𝐷
𝑍𝐷−∆𝑍𝐷
𝑑𝑧. (3.46) 
   ∆𝑥 =
𝑍𝐷𝑓
𝑍𝐵
1
𝑛0
∫
𝜕𝑛
𝜕𝑥
𝑍𝐷+∆𝑍𝐷
𝑍𝐷−∆𝑍𝐷
𝑑𝑧, (3.47) 
where the z axis is the direction of the optical path, n is the refractive index, and f is the 
focal distance of the lens. n0 is 1.3333 at 15°C under the atmospheric pressure. The 
distances ZB and ZD were 1760 mm and 500 mm, respectively, in the present BOS system. 
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3.5.3 Image Processing 
Spatio-Temporal Derivative (STD) Algorithm 
Sugii et al. (2000) applied the least squares method within an interrogation window to 
solve the governing equation of the STD algorithm proposed by Horn and Schunck 
(1981). The background–element displacements are therefore obtained from the 
following equation, assuming ∆x and ∆y to be constant within an interrogation window.  
(
∑(𝑓𝑖𝑗𝑘)𝑥
2 ∑(𝑓𝑖𝑗𝑘)𝑦(𝑓𝑖𝑗𝑘)𝑥
∑(𝑓𝑖𝑗𝑘)𝑦(𝑓𝑖𝑗𝑘)𝑥 ∑(𝑓𝑖𝑗𝑘)𝑦
2
) (
∆𝑥/∆𝑡
∆y/∆𝑡
) = (
− ∑(𝑓𝑖𝑗𝑘)𝑥 (𝑓𝑖𝑗𝑘)𝑡
− ∑(𝑓𝑖𝑗𝑘)𝑦 (𝑓𝑖𝑗𝑘)𝑡
), (3.48) 
where fijk is the image brightness at the intersection of the ith row and jth column in the 
kth image frame. ( fijk)x, ( fijk)y, and ( fijk)t are partial derivatives of the image brightness 
with x, y, and t, respectively. In the analysis, ∆t is suggested to be 1 considering the 
application of the STD algorithm to imaging processing in the BOS method. 
 
Fig. 3.48 Cube formed by eight brightness values of undistorted and distorted image 
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To develop a high sub-pixel accuracy, it is necessary for all the ( fijk)x, ( fijk)y, ( fijk)t 
estimates to refer to the same point at the same time. In the present study, a cube formed 
by the eight brightness values, as shown in Fig. 3.48, was introduced to achieve this 
purpose. The black points at the corners of the cube are the brightness values obtained 
from the undistorted and distorted images, respectively. The red point at the central 
point of the cube is the position at which partial derivatives are calculated using the 
eight brightness values for the corners. The estimates of ( fijk)x, ( fijk)y, ( fijk)t are as 
follows. 
   (𝑓𝑖𝑗𝑘)𝑡 = ∑ ∑ (
𝑗+1
𝑗
𝑖+1
𝑖 𝑓𝑖𝑗𝑘+1 − 𝑓𝑖𝑗𝑘) 4∆𝑡⁄ , 
   (𝑓𝑖𝑗𝑘)𝑥 = ∑ ∑ (
𝑘+1
𝑘
𝑗+1
𝑗 𝑓𝑖+1𝑗𝑘 − 𝑓𝑖𝑗𝑘) 4∆𝑥⁄ , 
   (𝑓𝑖𝑗𝑘)𝑦 = ∑ ∑ (
𝑘+1
𝑘
𝑖+1
𝑖 𝑓𝑖𝑗+1𝑘 − 𝑓𝑖𝑗𝑘) 4∆𝑦⁄ . 
(3.49) 
 
Evaluation of the Accuracy 
The FFT and FFT-wd algorithms were also introduced to estimate the 
background-element displacements. In the present study, the open-source toolbox of 
PIVlab, provided by Thielicke (2014), was used to execute the codes of the FFT and FFT 
-wd algorithms. The 2・3-point subpixel estimator was used in the two algorithms through 
PIVlab. Taking the 4×4 pixel interrogation window as an example, Table 3.4 compares 
the STD, FFT, and FFT-wd algorithms with respect to several parameters of the imaging 
process. To improve the readability of the image data, a pre-imaging process was also 
carried out using contrast-limited adaptive histogram equalization in PIVlab. All the 
algorithms were implemented with the same overlap of 50%. Based on a study of the 
accuracy evaluation performed by Thielicke (2014), the size of the interrogation window 
during every pass was set to the same value in the FFT-wd algorithm. In addition, the 
spline interpolation was used when the interrogation window deformed between two 
passes. 
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Table 3.4 Comparisons of algorithms under parameters on imaging process 
 
 
To quantitatively evaluate the accuracy of the algorithms, analyses of the bias error 
(bias) and random error (rms) were introduced. It was found that both errors contribute to 
the total error of a measurement system (Menditto et al., 2007 and Thielicke, 2014). The 
bias error determines the trueness of the estimated values. Trueness is defined as the 
agreement between the mean value and the true value. The random error determines the 
precision of the estimated values. Precision is a measure of the spread of the estimated 
values. The bias error is calculated as follows: 
   𝜀𝑏𝑖𝑎𝑠 =
1
𝑚
∑ 𝑑𝑚𝑒𝑎𝑠,𝑖 − 𝑑
𝑚
𝑖=1
, (3.50) 
where m is the number of estimated values, dmeas,i is the mean value of these estimated 
values, and d is the true value. 
The random error is determined as 
   𝜀𝑟𝑚𝑠 = √
1
𝑚
∑(𝑑𝑚𝑒𝑎𝑠′ − 𝑑𝑚𝑒𝑎𝑠,𝑖)2
𝑚
𝑖=1
, (3.51) 
where d
’
meas is the estimated value used in the analysis. 
 
 
 
 
97 
 
3.5.4 Reconstruction 
Based on Eqs. 3.46 and 3.47, the Poisson equation can be presented as follows: 
   
𝜕2𝑁
𝜕𝑥2
+
𝜕2𝑁
𝜕𝑦2
=
𝑍𝐵
𝑍𝐷𝑓
𝑛0 (
𝜕∆𝑥
𝜕𝑥
+
𝜕∆𝑦
𝜕𝑦
), (3.52) 
where N is expressed as the integration of the refractive index difference along the optical 
path, as shown in Eq. 3.53. 
   𝑁 = ∫ [𝑛(𝑥, 𝑦, 𝑧) − 𝑛0]𝑑𝑧
𝑍𝐷+∆𝑍𝐷
𝑍𝐷−∆𝑍𝐷
. (3.53) 
In this study, the center differential method was applied to the solving of Eq. 3.52. 
Next, the FBP algorithm with a Shepp–Logan filter, as used by Venkatakrishnan and 
Meier (2004), was introduced to reconstruct the projections obtained from the Poisson 
equation. The pressure distribution of the underwater shock wave in the radial direction 
was obtained from the Lorentz-Lorenz equation (Eq. 3.54) and the Tait equation (Eq. 
3.55).  
   
(𝑛2 − 1)
𝜌(𝑛2 + 2)
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, (3.54) 
   𝑃 = (𝑃0 + 𝐵) (
𝜌
𝜌0
)
𝛾
− 𝐵, (3.55) 
where P is the pressure,  is the density. B = 2963 bar,  = 7.415, and P0 = 1.013 bar were 
used. 
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3.5.5 Results and Discussion 
Figure 3.49 shows the sequential BOS observation of the first shock wave, generated 
by the expansion of the thermal plasma using the high-voltage power supply shown in Fig. 
3.46. The resolution was 320 × 64 pixels, the frame rate was 300 kfps, and the exposure 
time was 200 ns. Figure 3.45 shows a reference image of the dot-pattern background. The 
images show that a dot with a diameter of 720 m covers about four pixels, hence the 
spatial resolution of the obtained image is 180 m/px. Therefore, the focal distance f in 
Eq. 3.52 is calculated to be about 160 mm through the principle of optics. From the 
phenomena shown Fig. 3.49, it is found that the underwater shock wave indeed results in 
the displacement and deformation of the dots in the background. The propagations of the 
first shock wave are observed from the distorted dots in Figs. 3.49 (1)–(5).  
Subsequently, to evaluate the accuracy of the algorithms, the background-element 
displacements in Fig. 3.49 (2) were estimated using the FFT, FFT-wd, and STD 
algorithms for interrogation windows of different sizes. Here, the vectors of the 
background-element displacements in each interrogation window were decomposed as 
radial and tangential components. The radial components of the displacements are 
presented in the following analysis of the accuracy. 
 
Fig. 3.49 Sequential observation of first shock wave in BOS system 
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Figure 3.50 compares the background-element displacements obtained using different 
algorithms for interrogation windows of different sizes. The abscissa is the radial distance 
from the discharge point of the electrodes and the ordinate is the radial component of the 
displacements. In Fig. 3.50, the region from the discharge point to 50 pixels is affected by 
the discharge light. The distorted region induced by the underwater shock wave is from 
50 pixels to 120 pixels and the undistorted region is from 120 pixels. The open circles, 
squares, and triangles represent the displacements obtained with the STD, FFT, and 
FFT-wd algorithms, respectively. Generally speaking, all three algorithms can 
successfully estimate the peak values of the displacements for every size interrogation 
window despite the estimated displacements not being the same. However, the FFT 
algorithm does not produce a clear peak for the 4 × 4 pixel window. It is also found that 
the peak values in the negative direction at about 110 pixels disappear gradually as the 
size of the interrogation window increases. The reason for this is that the displacements 
within an interrogation window are assumed to be constant; therefore, a large size 
interrogation window causes a loss of the information due to the small compressibility of 
water. This suggests that an interrogation window of less than 8 × 8 pixels should be 
used to prevent a loss of information. Next, for every size of interrogation window, the 
peak values of the displacements and the corresponding positions from different 
algorithms were extracted to quantitatively analyze the accuracy of the algorithms in the 
distorted region. Furthermore, the bias error and the random error were determined to 
evaluate the trueness and precision of the estimated displacements in the undistorted area, 
respectively.  
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Fig. 3.50 Comparisons of displacements estimated using different algorithms for 
interrogation windows of different sizes: ○ STD algorithm, □ FFT window 
deformation algorithm, △ FFT algorithm 
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Figure 3.51 (a) and (b) shows the peak values of the estimated displacements and the 
corresponding positions as obtained with different algorithms for interrogation windows 
of different sizes. The abscissa Lpix is the pixel count for one side of the square 
interrogation window. The solid circles, squares, and triangles represent the results 
obtained from the STD, FFT-wd, and FFT algorithms, respectively. In Fig. 3.51 (a), for 
the STD algorithm, the peak value of the displacements obtained for Lpix = 4 is high 
compared with the values obtained for the windows of other sizes. However, the STD 
algorithm provides a relatively similar estimate to that of the FFT-wd at Lpix = 6 and larger. 
The FFT-wd detects almost constant peak values while the largest fluctuations are 
observed when using the FFT algorithm. In Fig. 3.51 (b), The STD algorithm produces 
the smallest fluctuations on the corresponding positions of peak values. For windows of a 
size exceeding Lpix = 8, the STD and the FFT-wd algorithms provide almost identical 
same results. On the other hand, the STD and the FFT algorithms share the same values 
for windows smaller than Lpix = 6. Considering the steady estimates of peak values and 
the corresponding positions, the STD algorithm with a window larger than 6 × 6 pixels 
and an FFT–wd algorithm with a window larger than 8×8 pixels can accurately detect 
the background-element displacements in the distorted region. However, a disadvantage 
of the FFT-wd algorithm is the high cost of computation relative to the STD algorithm, 
especially for small interrogation windows. 
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    (a) Peak values of displacements with variation in Lpix 
 
 
(b) Positions corresponding to peak displacements with variation in Lpix 
Fig. 3.51 Comparisons of peak values of displacements and corresponding positions 
using different algorithms for interrogation windows of different sizes 
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Figure 3.52 shows the evaluation of the accuracy of the estimated displacements in the 
undistorted region using different algorithms for interrogation windows of different sizes. 
The bias errors and random errors were calculated using Eqs. 3.50 and Eq. 3.51. In the 
undistorted region, the true displacement d was 0 in Eq. 3.50. In Fig. 3.52 (a), the dashed 
lines represent the averages of the bias errors of the algorithms for interrogation windows 
of all sizes. The FFT-wd algorithm almost produces the largest bias errors from Lpix = 4 to 
14. Although the STD and the FFT algorithms provide similar level results, the former 
shows the smallest bias errors for an interrogation window smaller than Lpix = 6. It is 
suggested that the STD algorithm produces a more accurate estimate of the displacement. 
As shown in Fig. 3.52 (b), the random errors decrease remarkably for all the curves when 
Lpix = 4 to 6. Consequently, to ensure a small random error, it is better to use an 
interrogation window larger than Lpix = 6. The FFT algorithm presents the smallest 
random error for every size interrogation windows while the FFT-wd algorithm produces 
almost the largest error. As a result, the STD and FFT algorithms provide a higher level of 
accuracy in the undistorted region. However, the FFT algorithm performs badly when 
used to analyze the peak values and corresponding positions, as shown in Fig. 3.51. 
Consequently, based on the results shown in Figs. 3.51 and 3.52, it can be suggested that 
the STD algorithm, when used with a small window, provides a more accurate 
background-element displacement from the perspective of the integrity of information, 
steady estimate of peak value, corresponding position in the distorted region, trueness and 
precision of the displacements in the undistorted region, high spatial resolution, and low 
computational cost.  
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(a) 
 
(b) 
Fig.3.52 Evaluation of accuracy of displacements in undistorted region estimated 
using different algorithms for interrogation windows of different sizes: 
 (a) Bias error and (b) Random error 
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Given the above-mentioned considerations, the STD algorithm with an interrogation 
window of 6 × 6 pixels was used to estimate the background-element displacements of 
the images in Fig. 3.49. Figure 3.53 shows the vector distributions of the displacements 
induced by the first shock waves. The regions in the circles are affected by the discharge 
flash. From the vector fields, the propagation of the first shock wave can be clearly 
distinguished. The vectors are pointing towards the upstream. However, in the work by 
Venkatakrishnan and Meier (2004), the direction and magnitude of the vectors at a shock 
wave front were represented following the density gradients of the flow, and the vectors 
of displacements pointed towards a lower density. In other words, the vectors should 
point towards the propagation of the shock wave and the vectors should appear the 
outline of a shock wave front. To investigate the cause of the vector being in the opposite 
direction, the observation of first shock waves was carried out using the shadowgraph 
method, as shown in Fig. 3.54. The frame rate of the high-speed camera (ULTRA Cam 
HS-106E, Nac Image Technology) was 300 kfps and the exposure time was 200 ns. In Fig. 
3.54 (1), two electric discharge flashes were observed at the tip and base of the electrodes, 
so that several shock waves were generated at almost the same timing from different 
discharge points on the electrodes. Subsequently, the multiple shock waves, produced at 
slightly different positions, expand and the superposition of the shock waves occurs as 
shown in Fig. 3.54 (2)–(4). Hence, the high-resolution analysis can identify the details of 
the flow with the interaction of multiple shock waves, such that it is thought that the 
vectors pointed in different directions near the shock wave front.  
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Fig. 3.53 Vector distributions of background-element displacements obtained  
using STD algorithm with interrogation window measuring 6 × 6 pixels 
 
 
Fig. 3.54 Sequential observation of first shock waves using shadowgraph method 
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The background-element displacements shown in Fig. 3.53 were substituted into the 
Poisson equation to calculate N, the projection of the refractive indices. The radial 
distribution of the refractive indices n was obtained by using the FBP algorithm with a 
Shepp-Logan filter. Finally, the time variations in the pressure distributions of the first 
shock waves are shown in Fig. 3.55. The shapes of the shock fronts are not steep and there 
is a small pressure increase in front of the main shock wave. When this is compared with 
the experimental profile measured using the FOPH pressure transducer in Fig. 3.56, it is 
found that the pressure profile estimated by BOS is similar to the experimental profile. 
In Fig. 3.56, two first two shock waves (FSW1 and FSW2) are clearly recorded within 
the time difference of 0.7 s. In addition, the pressure rise of FSW1 shows increasing 
increases in steps such that some shock waves are put all together in front of FSW1. 
Consequently, the superposition of shock waves shown in Fig. 3.54 is thought to be the 
main reason for the appearance of such shapes on the shock fronts. Furthermore, based on 
the experimental profile, the expansion region behind FSW1 is found, and it is confirmed 
that similar expansion regions are also obtained in the BOS estimates in Fig. 3.55. The 
peak pressure value at 20 mm from the discharge point in Fig. 3.55 shows good 
agreement with the experimental results in Fig. 3.56, however, the pressures in both 
expansion regions are quantitatively different. The reason is assumed that the Tait 
equation is used during the reconstruction process in the BOS analysis. On the other hand, 
FSW 2 in the experimental profile was not found in the BOS estimates. This is because 
the pressure measurements and BOS observations were not synchronized.  
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Fig. 3.55 Time variations of pressure distributions of first shock wave as estimated with 
BOS technique 
 
Fig. 3.56 Pressure profile of first shock wave measured 20 mm from discharge point 
using the FOPH pressure transducer 
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The peak pressures of the first shock wave shown in Fig. 3.56 are represented together 
with the experimental data in Fig. 3.57. The solid squares correspond to the experimental 
data as measured. The pressures estimated using the BOS technique referred by solid 
triangles decrease gradually from 20.65 MPa at 19.98 mm to 8.63 MPa at 37.26 mm. The 
estimated pressures are in good agreement with the experimental data. As a result, the 
qualitative estimation possible with the resent BOS technique is considered to be 
relatively reasonable. Next, the BOS technique was used to measure the pressures of the 
rebound shock waves generated by the collapse of a vapor bubble at the tip of the 
electrodes. 
 
Fig. 3.57 Comparison of pressure attenuation behind first shock wave, as determined by 
experimental measurements and BOS estimates 
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Figure 3.58 shows the sequential BOS observations of the rebound shock waves 
generated by the collapse of a vapor bubble. A vapor bubble generated by electric 
discharge at the tip of electrodes grows to a maximum diameter of about 8 mm. Ref. 
shows a reference image of the dot-pattern background. In Fig. 3.58 (1), the generation of 
a rebound shock wave (RSW1) is observed from the distorted dots. Another shock wave 
is also captured in Fig. 3.58 (3). This could be the second rebound shock wave (RSW2) or 
the reflected shock wave at the electrodes. To distinguish a rebound shock wave from a 
reflected shock wave, the rebound shock waves were visualized using the shadowgraph 
method. The images are shown in Fig. 3.59. The frame rate of the high-speed camera was 
300 kfps and the exposure time was 200 ns. Based on the results of the shadowgraph 
observation, the shock wave generated in Fig. 3.59 (3) is distinguished as RSW2. The 
vapor bubble generated at the tips of the electrodes cannot remain spherical during the 
collapse, such that several rebound shock waves are generated at different timings. As 
shown in Fig. 3.59 (1) and (2), some shock waves are also captured before RSW1 and 
RSW2. These shock waves are also assumed to be generated by the collapse of the vapor 
bubble. Thus, it is though that the vapor bubble was not able to maintain a spherical 
shape during collapsing motion. 
 
Fig. 3.58 Sequential observation of rebound shock wave generated by collapsing vapor 
bubble in BOS system 
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Fig. 3.59 Observation of rebound shock waves using shadowgraph method 
 
Figure 3.60 shows the vector distributions of the background-element displacements 
induced by the rebound shock waves. From the vector fields, the generation and 
propagation of RSW1 and RSW2 can be clearly observed. The directions of the vectors 
are towards the propagation of the rebound shock wave. 
 
Fig. 3.60 Vector distributions of displacements obtained using STD algorithm with 
interrogation window measuring 6 × 6 pixels 
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Figure 3.61 shows the time variations of the pressure distributions of the rebound 
shock waves as estimated using the BOS technique. In the pressure waveforms, the 
regions of the negative pressures in front of the rebound shock fronts (RSW1) are found, 
but these regions are not found in the case of the first shock waves in Fig. 3.56. Therefore, 
the cause of the phenomena is not thought to be related to the algorithms used in the 
present BOS system. Here, two main reasons are considered. First, the planar-reflected 
shock waves shown in Fig. 3.60 affect the pressure field in the region before the rebound 
shock wave is generated. The second reason is related to the motion of the vapor bubble. 
After the first shock wave is generated, a vapor bubble is induced at the tips of the 
electrodes. The bubble expands to its maximum size and then immediately and quickly 
contracts, so that the water around the bubble is stretched by the bubble contraction and a 
tensile stress is generated, giving rise to a region of negative pressure. Next, the surface of 
the vapor bubble re-expands from the minimum radius and compresses the water around 
the bubble at an extremely high velocity. The rebound shock wave is generated at the 
beginning of the re-expansion motion. At this time, the water around the bubble is 
forcefully compressed by the shock front. However, the re-expansion velocity at the 
bubble surface is much slower than that of the rebound shock wave, so that the water 
behind the rebound shock wave is also acted on by the tensile stress. Thereby, the 
expansion region also occurs behind the rebound shock front, as shown in the BOS 
estimates shown in Fig. 3.61. In experimental pressure measurements, we also obtained 
expansion regions in front of and behind the rebound shock front shown in Fig. 3.62. 
Consequently, from the perspective of the features of the pressure distribution, the BOS 
estimates are in good agreements with the experimental results. 
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Fig. 3.61 Time variations of pressure distributions of rebound shock waves as estimated 
using BOS technique 
 
 
Fig. 3.62 Pressure profile of rebound shock waves measured 30 mm from discharge 
point using FOPH pressure transducer 
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The peak pressures of the RSW1 and RSW2 in Fig. 3.61 are presented together with 
the experimental data in Fig. 3.63. The diamonds indicate the experimental 
measurements obtained using the FOPH pressure transducer. In fact, the collapse of the 
vapor bubble induced by the underwater electric discharge is not controlled and thus the 
number and pressure values of the generated rebound shock waves are scattered. To 
obtain accurate pressure attenuation, the pressures were measured in the experiments 
when only one rebound shock wave was generated. The pressure behind the rebound 
shock wave decreases from 60.6 MPa at 6 mm to 13.9 MPa at 30 mm, relative to the 
center of the vapor bubble. The solid squares and triangles indicate the peak pressures of 
the RSW1 and RSW2, respectively. The pressure behind RSW1 decreases from 50.52 
MPa to 13.85 MPa while that for RSW2 decreases from 24.12 MPa to 13.34 MPa. By 
comparing the BOS estimates with experimental data, the pressures behind the two 
rebound shock waves are smaller than that when generating only one shock wave. The 
phenomenon shown in this figure is thought be reasonable and the pressures estimated by 
the BOS technique are in good agreement with the experimental data.  
On the other hand, the pressures were not obtained within a region smaller than 6 mm 
when using the pressure transducer. This is because the bubble surface impacts the 
pressure transducer during the expansion motion so that the measurement is seriously 
disturbed. However, the BOS technique can quantify the pressures in the region using 
only images. Moreover, it is also difficult to set several pressure transducers around 
smaller bubbles to obtain the pressure attenuation behind a rebound shock wave. 
Consequently, it is expected that the BOS technique will probably overcome the problems 
associated with conventional pressure measurement related to the collapse of 
microbubbles, and become a promising means of quantitatively measuring high-speed 
phenomena. 
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Fig. 3.63 Pressure attenuations behind RSW1 and RSW 2 as obtained  
using BOS technique 
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3.5.6 Concluding Remarks 
This section has explained our attempts to measure the pressures of underwater shock 
waves (an initial shock wave generated by an electric discharge and rebound shock 
waves produced by the collapse of a vapor bubble) using the BOS technique. We can 
draw the following conclusions. 
(1) In the imaging process, by comparing the accuracy of the STD, FFT algorithm, and 
FFT deformation-wd algorithms, the STD algorithm was suggested as a means of 
accurately detecting the background-element displacements induced by the 
underwater shock wave. 
(2) For the first shock wave generated by the electric discharge, the shapes of the shock 
fronts estimated by the BOS technique were not steep and expansion regions were 
found behind the shock fronts in the corresponding pressure waveforms. However, 
similar pressure profiles were observed in the experimental measurements. Using 
shadowgraph observations, it was found that the superposition of the shock waves 
happened because many shock waves were generated at different positions and 
timings by the discharge between the electrodes. The pressure attenuation behind the 
first shock wave as estimated by the BOS technique was in good agreement with the 
experimental measurements.  
(3) For the rebound shock wave generated by the collapse of a vapor bubble, the 
non-spherical collapse led to the generation of several rebound shock waves. The 
pressure attenuations behind the RSW1 and RSW2, as estimated by the BOS 
technique, proved to be reasonable compared to the experimental data measured 
when only one rebound shock wave was generated.  
(4) It is expected that the use of the BOS technique will probably overcome the problems 
associated with conventional pressure measurements related to the collapse of 
microbubbles, and will become a promising means of quantitatively measuring 
high-speed phenomena. 
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3.6 Chapter Summary 
  To establish a shock-sterilization technique using the collapse of microbubbles, optical 
observations and theoretical and analytical approaches were applied as described in this 
chapter. The behaviors of the microbubbles after the passage of an incident shock wave 
were observed using an ultra-high-speed camera and microscope. A spherical 
underwater shock wave generated by the first rebound of a microbubble was simulated 
numerically using an impact model that was built up using point-symmetric simulation in 
terms of a theoretical solution obtained using the Herring bubble equation. In addition, 
the BOS technique was introduced to develop a pressure-measured technique for the 
rebound shock wave of a microbubble. The following conclusions were obtained. 
(1) From the theoretical analysis obtained using the Herring bubble motion equation, it 
was found that the shape, strength, and rise time to peak pressure of shock wave front 
were closely related to the ideal collapse conditions of microbubble, and the optimal 
bubble diameter maximizing the internal pressure was determined by the ideal 
bubble motion for the pressure profile of an incident shock wave. 
(2) The microscopic observations using a high-speed camera focused on the motion of a 
single bubble or multiple bubbles after the first rebound. For both a single 
microbubble and multiple bubbles, the original bubble(s) broke up into several 
smaller bubbles after the first rebound, and these generated bubbles contracted and 
expanded repeatedly until they formed into a large bubble. On the other hand, the 
theoretical analysis based on the Herring equation showed that the collapsing 
motion of a microbubble after the first rebound was weakened by the 
compressibility and viscosity of the water. This indicates that a strong spherical 
underwater shock wave was generated by the first rebound of the microbubble. 
(3) The ultra-high-speed observations aimed to capture the behaviors of a microbubble 
during the first rebound. The ultra-high-speed camera captured the rebound shock 
wave and micro-jet after an underwater shock wave passed through a microbubble. 
For a spherical collapse, the time variations of the bubble diameter, as observed 
experimentally, agreed well with the theoretical solutions obtained with the Herring 
bubble motion equation. For a non-spherical collapse, the corresponding 
experimental results differed from the theoretical analysis obtained by the Herring 
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equation. It is assumed that the spherical collapse produced a stronger rebound shock 
wave, which facilitated the maintenance of the sphericity of the smaller microbubbles 
due to the relatively large surface tension. 
(4) The pressure behind the rebound shock wave front in the ultra-high-speed camera 
observation was estimated to be about 6.81 MPa when using the impact model. 
(5) The BOS system described in the dissertation can measure the pressure of underwater 
shock wave quantitatively and precisely, and could even be applied to the obtaining of 
the pressure behind the rebound shock wave of a smaller bubble. 
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CHAPTER 4 
Experimental Study of Sterilization Effect 
4.1 Introduction 
The application of microbubbles has been extensively developed in recent years, with 
the technique being used in biomedical engineering, civil engineering, and fishing. In 
the area of marine science, underwater shock waves generated by the collapse of 
microbubbles have been applied to the sterilization of the ballast water of ships (2007). 
Abe et al. (2013) investigated the tolerance of the marine Vibrio sp. to shock pressures by 
using a gas gun and found that the bacteria were completely inactivated after being 
exposed to pressures of more than 400 MPa. This value of 400 MPa was the peak 
pressure of a reflected shock wave as measured using a PVDF film gauge and thus the 
amplitude of the shock wave propagating in the solution was estimated to be about 200 
MPa. Furthermore, they observed the interaction of the microbubbles with the shock 
waves generated by explosions of 10 mg of AgN3 (2010). In the latter case, they 
measured a strong pressure pulse with a magnitude of 200 MPa and a period of 20 s at a 
distance of 20 mm from the explosion center. Given the above-mentioned studies, the 
shock wave sterilization method using the collapse of microbubbles offers the potential 
to kill marine bacteria.  
This chapter aims to clarify the effect of a shock wave sterilization method based on 
the collapse of microbubbles by taking an experimental approach. First, bio-experiments 
with the marine Vibrio sp. are carried out in a circular-flow water tank connected to a 
microbubble generator. The use of the cavitation bubbles that are induced behind a 
focus of an underwater shock wave is suggested as a means of killing marine bacteria. 
Next, to further investigate the contribution of the cavitation bubbles to the sterilization 
effect, a cylindrical water chamber and a narrow water chamber are fabricated. 
Cavitation bubbles are produced by the propagation of shear waves in the wall material 
of the flow channels and the concentration of the reflected underwater shock waves. The 
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sterilization effects are examined under different experimental conditions in the two 
water chambers.  
4.2 Circular-Flow Water Tank 
4.2.1 Bio-experimental Setup 
Figure 4.1 shows the setup for the bio-experiment. The experimental device consisted 
of a test channel including a two-dimensional semi-ellipsoidal discharge section and a 
targeted section, a water tank with a microbubble generator, a pump (MD-6ZK-N, Iwaki 
Inc., 6 l/min) providing a circular flow and supplying water to the microbubble generator, 
and an electric power supply (HPS 18K-A, Tamaoki Electronics Co., Ltd.). The internal 
dimensions of the test chamber were 500 mm (L), 30 mm (W), and 10 mm (D), while the 
water tank was 200 mm in diameter by 250 mm (H). As shown in this figure, the 
semi-ellipsoidal discharge chamber can effectively focus the shock wave exposure to the 
flow in the targeted section (Tsujii et al. 2012). The output power of the electric discharge 
was about 31.6 kV at the 1st focal point and the frequency of the electric discharge was 1 
Hz. In addition, the total volume of the artificial seawater with the cell suspension, 
circulating in the device was 4 l.  
 
Fig. 4.1 Schematic of bio-experimental setup for bio-experiment  
in circular-flow water tank 
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4.2.1.1 Two-dimensional Semi-Ellipsoidal Electric Discharge Chamber 
Shock focusing using a semi-ellipsoidal reflector was introduced to enhance the shock 
pressures in the flow channel, as shown in Fig. 4.2. The reflector was semi-elliptical; the 
major and minor axes were 70 mm and 50 mm, respectively. The distance between the 
two focal points was 50 mm. The dimensions of the reflector were 50 mm (H) by 35 mm 
(W) by 10 mm (D). The erosion of the electrode caused by the electric discharge in 
water resulted in the production of oxide nanoparticles (Kolikov et al., 2005 and 2007). 
A silicone film was used to separate the discharge section from the test channel. There 
were two slots in the upper side of the electric discharge section to exhaust air produced 
by underwater electric discharge. 
 
Fig. 4.2 Schematic and photo of two-dimensional ellipsoidal electric discharge chamber 
with flow channel 
 
 
 
 
 
 
 
 
 
124 
 
4.2.1.2 Microbubble Generator 
In general, microbubbles are produced by the decompression of an air-saturated 
solution and the electrolysis of water. Hasegawa et al. (2006) used a pipe with slits which 
caused a local shear stress in response to the flow, producing microbubbles 40–50 m in 
diameter. Based on the results of the study by Hasegawa, we devised a new style of 
microbubble generator using a pipe with bores formed in it. Figure 4.3 is a schematic of 
the microbubble generator. Two types of acrylic pipes were prepared. The type-A pipe, 
for the observation of microbubble formation, had a thickness of 1 mm and an inner 
diameter of 6 mm with 44 bores, each 1 mm in diameter, while the type-B pipe, used for 
the bio-experiment, had a thickness of 0.5 mm and an inner diameter of 6 mm with 288 
bores, each 0.5 mm in diameter. The pipes were connected to a three-way pipe with air 
and water conduits. The air supply tube was rubber with an inner diameter of 2 mm and a 
thickness of 1 mm. Water was supplied by a pump, and air was drawn into the acrylic pipe 
by the pressure decrease generated by the water flow, as shown in Fig. 4.3. Bubbles were 
generated by the instability of the water–air interface, and were then broken up into tiny 
bubbles as a result of their passing through the bores. Thus, microbubbles were produced 
by shear flow and pressure change in the bores. The rates of water supply by the pump 
were about 3.48 l/min and 4.36 l/min, while the air-intake rates were about 26 ml/min and 
33 ml/min for the type-A and type-B generators, respectively. The diameters of the 
microbubbles generated by the two generators were measured from the images captured 
with a single-lens reflex digital camera (D2X, Nikon Co., Ltd.). 
 
 
Fig. 4.3 Schematic of microbubble generator 
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4.2.1.3 Cell Experiment 
A solution of the marine Vibrio sp., isolated from seawater, was used as the 
bio-experiment specimen. The marine Vibrio sp. belongs to the same genus as cholera but 
has no virulence. In the cell experiment, about 10
9
 cfu/ml of the marine Vibrio sp. was 
first put into artificial seawater and diluted to about 10
6
 cfu/ml. Samples were extracted 
from the solution in the test tank every 30 min to check the viability ratio of the cell 
during the application of underwater shock waves with a frequency of 1 Hz. Next, the 
samples were diluted serially and then spread on agar plates. The plates were incubated 
for 24 h and then the colonies grown on the agar plate, shown in Fig. 4.4, were counted. 
The total number of colony-forming cells in 1 ml was evaluated from the dilution ratio of 
the cell suspension and the number of colonies on the plate. 
 
 
Fig. 4.4 Colonies of marine Vibrio sp. on agar plate 
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4.2.1.4 Effects of UV light 
In the bio-experiments, an underwater electric discharge was used to generate shock 
waves. During the electric discharge, ultraviolet (UV) light was also thought to be 
emitted. Sun et al. (2006) investigated the characteristics of the UV light emitted by the 
electric discharge. They argued that the energy of the UV light was 3.2% of the total 
energy. In other research, UV light has been applied to sterilization in some fields such 
as food and marine engineering. Iwaguch et al. (2002) constructed a novel 
microwave-UV light sterilization system and investigated the sterilization effect of the 
UV light. They pointed out that a sterilization effect was clearly obtained using only 
irradiation with UV light. 
 Hence, to examine the sterilization effect of the UV light produced by the underwater 
electric discharge described in this dissertation, we used the experimental arrangement 
shown in Fig. 4.5. As shown in Fig. 4.5 (a), the water chamber consisted of two parts, 
namely, an ellipsoidal chamber in which the underwater electric discharge was triggered 
and an upper chamber filled with a cell suspension of the marine Vibrio sp.. A 0.1-mm 
silicone film was used to separate the two chambers. To prevent the underwater shock 
waves from the electric discharge propagating into the cell suspension, an air gap of 
about 5 mm between the water surface and the silicone film was employed to ensure that 
the cell suspension was irradiated only by UV light, as shown in Fig. 4.5 (b). 
Figure 4.6 shows an estimation of the number of viable cells under condition 1 (UV 
light and shock pressure) and condition 2 (UV light only). The solid squares and 
diamonds represent the bio-experimental results under condition 1 and condition 2, 
respectively. During the experiments, the electric discharge was triggered once every 
second i.e. the applied frequency was 1 Hz. After 200 s, it was found that there had been 
very little sterilization under condition 2 (UV light only) while about two orders of the 
marine bacteria were killed by the shock pressure. Therefore, we can say that the UV light 
emitted by the underwater electric discharge is ineffective at killing the marine bacteria in 
the present underwater electric discharge system. Rather, the shock pressure plays the 
most important role in the sterilization. 
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(a)                              (b) 
Fig. 4.5 Schematic of experimental setup for determining effect of UV light on cell 
viability of marine Vibrio sp.  
 
 
Fig. 4.6 Estimation of number of viable cells from bio-experiments under condition 1 
(flash light and shock pressures) ■, and condition 2 (flash light only) ◆ 
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4.2.2 Results and Discussion 
4.2.2.1 Propagation Behaviors of Shock Wave 
Figure 4.7 shows sequential images of the propagation and the focus process of an 
underwater shock wave in the discharge section. The high-speed camera (MEMRECAM 
HX-3, Nac Image Technology) captured images at a frame rate of 100 kfps, with an 
exposure time of 200 ns. To fasten the electrodes, two square acrylic plates, shown in Fig. 
4.7 (1), were used around the discharge point. The bow shadow of the first shock wave 
(1st SW) is observed in the electric discharge chamber, as shown in Fig. 4.7 (2). In 
addition, a reflected shock wave (RSW) from the semi-ellipsoidal wall is also observed. 
In Figs. 4.7 (3) and (4), the 1st SW is propagating into the flow channel by passing though 
the silicone film. The RSW is converging at the 2nd focal point in Fig. 4.7 (5). Figures 4.7 
(3)–(5) show that the shape of the RSW is deteriorated because of the slots in the electric 
discharge chamber and silicone film. After RSW converges, it impinges against the 
reflected 1st shock (RSW1) wave from the right-end wall of the test chamber, as shown in 
Fig. 4.7 (6). The RSW is also reflected by the right-end wall, and is propagating to the left 
as RSW2. 
 
 
Fig. 4.7 Sequential images of generation and propagation process of underwater shock 
wave in discharge chamber and test chamber 
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4.2.2.2 Microbubble Formation in Bubble Generator 
The process of microbubble generation by the type-A generator was observed using a 
high-speed camera (Phantom V12.1, Version Research Inc.), which captured images at a 
frame rate of 3 kfps with an exposure time of 100 s. Figure 4.6 shows sequential images 
of the produced microbubbles. Figure 4.8 (2) is an image captured immediately after the 
pump has started, with air sucked into the generator being observed at the end of the air 
supply tube. In Fig. 4.8 (3), the disruption of the sucked air can be observed, while the 
bubbles generated by the instability of the air-water interface are moving to the left with 
the water flow. Figure 4.8 (4)-(6) shows how the bubbles pass out of the bores and are 
diffused in the water tank. In Fig. 4.8 (6), we can clearly see that an air-water interface 
about 4 mm long develops from the end of the air supply tube. 
 
 
Fig. 4.8 Sequential images of microbubbles produced by type-A bubble generator 
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To observe the change in the air-water interface near the exit of the air supply tube, a 
magnified observation was performed under the same conditions as those in Fig. 4.9. The 
magnified area is indicated by the boxed area in Fig. 4.9 (a). The interface between the 
water and the mass of the air sucked from the air supply tube vibrates due to the 
Kelvin-Helmholtz instability (Miles 1959), with bubbles of various sizes being produced 
as shown in Fig. 4.9 (b) and (c). The bubble diameters are about 300 m to 500 m.  
 
Fig. 4.9 Magnified observation of motion of air-water interface in type-A generator  
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The behaviors of the bubbles passing through the bores of the generator vary due to 
their initial sizes. Figure 4.10 shows the breakup of a bubble passing through a 1-mm bore. 
The large bubble shown in Fig. 4.10 (1) is being breaking up into two bubbles as it passes 
through the 1-mm bore, as shown in Figs. 4.10 (2) and (3). In Figs. 4.10 (3)-(6), we can 
see how a bubble passing through the pipe wall extends into a cylindrical shape, after 
which some small bubbles of about 100 m break away from it.  
 
 
Fig. 4.10 Breakup of large bubble passing through 1-mm bore in type-A generator 
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Figure 4.11 shows the behavior of bubbles passing through a 1-mm bore. Fig. 4.11 (a) 
shows a bubble with a diameter of just less than 1 mm expanding into a cylindrical shape 
and then breaking up into smaller bubbles after passing through the bore. On the other 
hand, Fig. 4.11 (b) shows a bubble passing through the bore without breaking up. 
However, in this case, the diameter of bubble is almost equal to the bore diameter. 
 
 
(a) Breakup of bubbles 
 
(b) Bubble passing through a bore 
Fig. 4.11 Behavior of bubbles passing through a bore in type-A generator 
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In the process of the microbubble generation with the present device, the bore diameter 
is regarded as being the most important parameter affecting the sizes of the microbubbles. 
Therefore, the diameter distributions of the microbubbles generated by a 0.5-mm diam. 
bore (type-B) were also investigated. Figure 4.12 shows the relationship between the 
production rate and microbubble diameter of the type-A and B bubble generators. The 
bubbles were observed using a single-lens reflex digital camera in the targeted section 
shown in Fig. 4.1. The mean diameters of the bubbles produced by the type-A and type-B 
generators are about 90 m and 50 m, respectively. Abe et al. analyzed the rebound 
pressures of the collapsing microbubbles by solving the Herring bubble motion equations 
for the experimental pressure profile of the incident shock wave (Wang and Abe 2015). It 
is apparent that the rebound shock pressure of a 50-m bubble will be higher than that of 
a 90-m bubble. Consequently, the bio-experiments were carried out using the type-B 
microbubble generator.  
 
 
Fig. 4.12 Diameter distributions of bubbles generated by bubble generators 
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4.2.2.3 Sterilization Potential using Microbubble-Shock Wave Interaction 
Figure 4.13 shows magnified images of the interaction between microbubbles and 
underwater shock waves in the targeted section shown in Fig.4.1. The high-speed camera 
(FASTCAM SA-5, Photron Inc.) was used to capture images at a frame rate of 210 kfps 
with an exposure time of 476 ns. The underwater shock wave produced by the electric 
discharge is propagating from the left to the right in the image. In Fig. 4.13 (a), the 
shadows of the microbubbles cannot be observed clearly because of their small size. 
However, in Fig. 4.13 (b), many microbubble shadows are visible due to their expansion 
as they interact with the shock wave.  
 
Fig. 4.13 Interaction between microbubbles and underwater shock waves: 
before introduction of underwater shock wave (a), and after introduction (b) 
 
Table 4.1 Estimation of number of viable cells 
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Figure 4.14 shows estimations of number of viable cells as determined from the 
bio-experiments. The solid squares, open diamonds, solid triangles, and open circles 
represent the experimental results under the condition of circulation only (condition 1), 
circulation with microbubbles (condition 2), circulation with shock waves (condition 3), 
and circulation with microbubbles and shock waves (condition 4), respectively. It is 
found that the marine bacteria are hardly affected under conditions 1 and 2. On the other 
hand, sterilization effects are clearly obtained with conditions 3 and 4. These results show 
that the reduction rates of the viable cells are about 40.8% and 75.4% per hour, 
respectively. The results obtained with conditions 3 and 4 differ in that the sterilization 
effect is induced only by the motion of the microbubbles. It seems very unlikely that the 
sterilization effect obtained under condition 3 is possible because the microbubbles have 
not been introduced and the peak pressure of the incident shock wave is only around 10 
MPa. Thus, the contribution of the bubbles is considered necessary for killing directly 
marine bacteria. 
 
 
Fig. 4.14 Estimation of number of viable cells: 
circulation only■, circulation with microbubbles ◇, circulation with shock waves ▲, 
and circulation with microbubbles and shock waves ○ 
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It is well known that cavitation bubbles are produced behind converging underwater 
shock waves. In addition, it has also been reported that cavitation bubbles are generated 
by the expansion waves that result from reflections at walls in a confined chambers 
(Koita 2015). Observations of the cavitation bubbles were carried out using a high-speed 
camera (MEMRECAM HX-3, Nac Image Technology). Figure 4.15 shows sequential 
images of the generation and collapse of cavitation bubbles in the test chamber. The frame 
rate was 50 kfps, and the exposure time was 200 ns. The 1st SW is propagating and the 
RSW is converging at the second focal point shown in Figs. 4.15 (1)– (3). In Figs. 4.15 
(5)–(9), the shadows of the expanding cavitation bubbles can be clearly observed in the 
semi-ellipsoidal reflector due to the interaction with the RSW. Although cavitation 
bubbles are not directly found behind the RSW in the flow channel, the existence of 
bubbles is confirmed by their expansions shown in Figs. 4.15 (9)–(12). 
 
 
Fig. 4.15 Sequential images of observation of cavitation bubbles behind converging 
underwater shock waves 
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Figure 4.16 shows a magnified image of the collapse of the cavitation bubbles 
produced by converging underwater shock waves. The frame rate was 300 kfps, and the 
exposure time was 200 ns. The rebound shock wave generated by the collapse of the 
cavitation bubbles can be seen in Figs. 4.16 (3) and (4).  
 
Fig. 4.16 Observation of collapsing motion of cavitation bubbles in test chamber 
 
Figure 4.17 shows the diameter distributions of the bubbles generated behind the 
underwater shock waves in the targeted section shown in Fig. 4.1. They were measured 
using photos of a small area (1.6 mm × 1 mm) selected randomly in the targeted section 
and taken 30 min from the start of the 1-Hz electric discharges without any water 
circulation in the tank. The production ratio is defined as the number of bubbles within a 
certain diameter range to all the bubbles in the measurement area. It is found that the 
bubble diameters are distributed up to about 200 m, and the production ratio shows a 
peak value for a bubble diameter of around 80 m. These bubbles include not only 
cavitation bubbles generated by converging underwater shock waves but also the small 
air bubbles that remain after the collapse of the cavitation bubbles. Therefore, it is not 
possible to completely remove the effects of small air-bubbles on the bio-experiment 
under condition 3. However, the sterilization effect of condition 3 is lower than that of 
condition 4. These results suggest that the sterilization effects on marine bacteria are 
closely related to the number density of bubbles and their sizes in the flow field. 
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Fig. 4.17 Diameter distributions of bubbles generated behind converging shock waves 
in targeted section 
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4.2.3 Concluding Remarks 
A circular-flow water tank was built to investigate the sterilization effects of the 
collapse of microbubbles, as induced by shock pressure. The microbubbles were 
generated by a bubble generator. Incident underwater shock waves, produced by electric 
discharge, were applied with a frequency of 1 Hz. Bio-experiments were carried out with 
the marine Vibrio sp. under different experimental conditions. The following conclusions 
were obtained: 
(1) In the microbubble generator, bubbles were generated by the instability of the water–
air interface, and then broke up into smaller bubbles as they passed through the small 
bores. Using this bubble generator, bubbles with a mean diameter of 50 m were 
produced.  
(2) From the optical observations, the underwater shock waves generated at the 1st focal 
point of the semi-ellipsoidal reflector were reflected at the inner wall of the reflector 
and converged at the 2nd focal point so that the pressure applied to the microbubbles 
was enhanced in the targeted section.  
(3) The bio-experimental results showed that 40.8% and 75.4% of the marine bacteria 
were killed within an hour under the conditions of circulation with only shock waves 
and circulation with both microbubbles and shock waves, respectively.  
(4) When inputting only shock waves, optical observations showed that cavitation 
bubbles were generated behind the converging shock waves. Therefore, a sterilization 
effect would result from the collapse of the cavitation bubbles. Thus, it is probable 
that marine bacteria could be effectively killed with the application of underwater 
shock waves alone. 
(5) On the other hand, the sterilization effect was found to be lower with the supply of 
only underwater shock waves, relative to when microbubbles are also supplied. The 
reason for this was the wide range of sizes of the cavitation bubbles. 
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4.3 Cylindrical Water Chamber 
4.3.1 Bio-experimental setup 
The bio-experimental results obtained with the circular-flow water tank suggested 
that the collapse of the cavitation bubbles generated behind the focus of underwater 
shock waves have the potential to kill marine bacteria. A cylindrical water chamber was 
employed to further investigate the sterilization effects using underwater shock waves 
with cavitation bubbles. Underwater shock waves propagating in the cylindrical 
chamber are reflected at the wall and then concentrated at the central axis. It is thought 
that the cavitation bubbles are generated behind the concentration of the reflected shock 
waves. Bio-experiments with the marine Vibrio sp. were carried out using these 
cavitation bubbles. Figure 4.18 shows the experimental arrangement. The equipment 
consisted of a cylindrical water chamber, a high-voltage power supply for electric 
discharge (HPS 18K-A, Tamaoki Electronics Co., Ltd.), a pulse generator (33220A, 
Keysight Technologies Inc.), a pressure measurement system based on a fiber-optic 
probe hydrophone (FOPH2000, RP Acoustic), and an oscilloscope (DS7054A, Keysight 
Technologies, Inc.).  
 
Fig. 4.18 Schematic of experimental setup for cylindrical water tank 
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Figure 4.19 shows a schematic and photo of the experimental cylindrical water 
chamber. The external dimensions of the water chamber were 90 mm (diameter) by 120 
mm (L). This water chamber consisted of two equivalent parts, namely, the upper part 
was the test chamber and the lower was the electric-discharge chamber. The shape of 
each part of the water chamber was a cylinder, 30 mm in diameter and 30 mm high, 
with a circular cone of 30-mm diameter, while the depth of the taper end was 6 mm. 
Therefore, the volume of the test chamber was about 23 ml. Two parallel slots in the 
electric discharge chamber were provided for the installation of the electrodes. The slot 
at the top of the test chamber was designed for the setup of the probe of a pressure 
transducer and for sample extraction using a tube in the cell experiments. In the 
bio-experiments, the electric discharge chamber and the test chamber were filled with 
distilled water and the cell suspension of the marine Vibrio sp., respectively. A 0.1-mm 
silicone film was used to separate the two parts. 
 
Fig. 4.19 Schematic diagram and photo of cylindrical water chamber 
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Figure 4.20 illustrates the sterilization mechanism with the underwater shock waves 
and cavitation bubbles in the cylindrical water chamber. Reflected shock waves at the 
inner wall of the water chamber impinge at the central axis as shown in Fig. 4.20 (b). 
Next, cavitation bubbles generated behind the concentration of underwater shock waves 
interact with the reflected shock waves or the next incoming incident shock wave. 
Finally, rebound shock waves and free radicals are generated by the collapse of the 
cavitation bubbles, causing the marine bacteria around the bubbles to be killed. 
 
 
Fig. 4.20 Sterilization mechanism using underwater shock waves with cavitation 
bubbles in cylindrical water chamber 
 
The procedure adopted for the cell experiments in the cylindrical water chamber was 
the same as that used with the circular-flow water tank. The only difference was the 
time at which a sample was extracted from the cell suspension in the water chamber. 
The cell experiments were carried out under different conditions of underwater electric 
discharge. In addition, the slot in the test chamber was covered by a rigid plate to 
prevent the splashing of the cell suspension. 
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4.3.2 Numerical Analysis 
An axisymmetric numerical simulation was applied to the analysis of the propagation 
of an underwater shock wave in the cylindrical water chamber and to confirm the 
generation probability of cavitation bubbles. The fundamental equations used in this 
simulation are written as follows, 
   
𝜕𝑄
𝜕𝑡
+   
𝜕𝐸
𝜕𝑥
+
𝜕𝐹
𝜕𝑦
= 𝐺,    (4.1) 
where Q is the vector of the conservative variables, E and F are the flux vectors in the 
abscissa coordinates x and ordinate coordinates y, respectively, and G is the attenuation 
vector, each defined as follows:  
   𝑄 = [
𝜌
𝜌𝑢
ρv
] , 𝐸 = [
𝜌𝑢
𝜌𝑢2 + 𝑃
ρuv
] , 𝐹 = [
𝜌𝑣
𝜌𝑢𝑣
ρ𝑣2 + 𝑃
] , 𝐺 =
1
𝑟
[
𝜌𝑣
𝜌𝑢𝑣
ρ𝑣2
]. (4.2) 
where P is the pressure,  is the density, u is the water velocity in the abscissa direction, 
v is the water velocity in the ordinate direction, and r is the radial coordinates. 
The Tait equation was used as the state equation of water in Eq. (4.3). 
   
𝑃 + 𝐵
𝑃0 + 𝐵
= (
𝜌
𝜌0
)
𝑛
 (4.3) 
where B = 2963 bar, n = 7.41, and subscript 0 indicates the initial value. A second-order 
accurate explicit TVD finite differential scheme of Yee type (Harten et al., 1985) was 
used in this numerical simulation. 
  Figure 4.21 shows the boundary conditions in the axisymmetric numerical simulation. 
The boundary conditions of the chamber were treated as the reflection  of the rigid wall 
given that the thickness of the acrylic wall was about 30 mm. 
 
Fig. 4.21 Boundary conditions on cross-section of axis in axisymmetric simulation  
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In the numerical simulation, an underwater shock wave was generated by the release of 
high pressure in a small dense water sphere, as shown in Fig. 4.22. The initial pressure 
condition was determined by comparing the experimental pressure data for a spherical 
expanding underwater shock wave. In Fig. 4.22, the squares indicate the experimental 
pressure data measured using a FOPH pressure transducer, while the solid green line 
indicates the numerical results. The experimental peak pressures of the shock wave fronts 
generated by underwater electric discharge gradually decreased from 31.13 MPa at 10 
mm to 4.17 MPa at 70 mm. It is necessary to maintain consistency between the 
experimental and numerical results with respect to the pressure distribution in the test 
chamber. Consequently, the initial conditions in the simulation were set to agree with the 
experimental data at a position more than 40 mm from the discharge point. In the present 
case, the initial density ratio to the ambient density, the initial pressure ratio, and the 
diameter of the water sphere were 1.030, 728 and 3.5 mm, respectively. Numerical 
analysis shows good agreement with the experimental data from 40 mm to 70 mm. 
 
 
Fig. 4.22 Relationship between peak pressure behind spherical expanding underwater 
shock wave and distance from discharge point 
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4.3.3 Results and Discussion 
Figure 4.23 shows the pressure distributions in the water chamber obtained using the 
axisymmetric TVD scheme. In the simulation, the effect of the silicone film was ignored 
because the film has almost the same acoustic impedance as that of water. An incident 
shock wave (ISW) generated from a high-pressure water sphere was propagating and 
reflected at the tapered wall of the water chamber end from Fig. 4.23 (7). The reflected 
shock waves (RSW) started to superpose at the central axis in Fig. 4.23 (8). The tensile 
regions were clearly observed behind the superposition of the reflected underwater shock 
waves in Fig. 4.23 (10), and then the region moved towards the right. In the meantime, 
the reflected shock waves were repeatedly superposed at the central axis, indicated by 
RSW2, RSW3, and RSW4 in Figs. 4.23 (13), (18), and (19), respectively. In Fig. 4.23 
(24), the start of the incident shock being reflected at the right end of the test chamber can 
be seen.  
Figure 4.24 shows the computational results for the peak pressure distributions at the 
central axis of the experimental water chamber. In comparison with the numerical results 
shown in Fig. 4.22, the pressures at every position along the central axis were amplified 
because of the concentration of the reflected shock waves. It was found that there was a 
high-pressure region at a point of 55 mm from the discharged point in the test chamber. 
Figure 4.25 shows the time variations of the pressure as obtained by experiment and 
numerical analysis at a point of 30 mm from the discharge point. The black line represents 
the experimental measurements while the green line shows the numerical results. The first 
and second waves were obtained at the same timing in both the experimental and 
numerical results. However, their pressure values were different. The predicted values of 
the positive pressures after the second wave were high, and the estimates of all the 
negative pressures were also larger. These quantitative differences were caused by the 
effect of the Tait equation. In the numerical results, pressure value for the second shock 
wave was higher than that of the experimental data. The fact that the fiber of the FOPH 
could not be set completely parallel to the central axis of the water chamber is believed to 
be one of the reasons for this phenomenon. The tensile regions marked by circles could 
clearly be observed in the experimental results. These large tensile stresses could lead to 
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the generation of cavitation bubbles, and the motions of these bubbles would influence the 
pressure variations after 30 s. 
 
 
 
Fig. 4.23 Numerical pressure distributions in water chamber 
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Fig. 4.24 Computational results of peak pressure distributions on central axis of 
experimental water chamber 
 
Fig. 4.25 Comparison of pressure time variations between experimental data and 
numerical analysis at point 30 mm from discharge point 
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Figure 4.26 shows the peak pressures behind the incident shock wave fronts 
measured at points of 30, 40, and 50 mm from the discharge point in the experimental 
water chamber. The pressures decreased from about 7 MPa at 30 mm to 4 MPa at 50 
mm. According to the results obtained by Mimura et al. (2007), a shock pressure of 
more than 100 MPa was required to kill the marine Vibrio sp.. Furthermore, Wang and 
Abe (2015) reported on the critical pressure needed to destroy the cell membrane of the 
marine Vibrio sp. estimating a value of about 150 MPa using their hybrid numerical 
method. Therefore, in the present study, it would not be possible to kill the marine 
bacteria through the effect of the incident shock waves alone. On the other hand, it is 
thought that the critical pressure can be obtained by the effect of the collapse of 
microbubbles when a shock pressure exceeding 3 MPa interacts with the micro-sized 
bubbles. From the results shown in Figs. 4.25 and 4.26, the generation of cavitation and 
interaction with the shock pressures in the experimental chamber are expected, giving 
rise to the possibility of killing the marine bacteria. The same shock-cavitation 
interaction phenomena were confirmed in the previous study (Wang and Abe, 2016). 
 
Fig. 4.26 Peak pressures vs. distance from discharge point in experimental chamber  
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Figure 4.27 shows an estimate of the number of viable cells attained with an electric 
discharge of 31.6 kV. The electric discharge was triggered once every second, i.e., the 
applied frequency of the incident shock waves was 1 Hz. In the figure, the density of the 
marine bacteria was about 4.62 × 10
4
 cfu/ml at the beginning of the bio-experiment. The 
solid squares on the red curve represent the reference data obtained from the solution of 
marine bacteria without the action of any incident shock waves and bubbles. The number 
of viable cells hardly changed throughout the course of the experiment. The solid 
triangles on the purple represent the bio-experimental results predicted based on the 
number of colonies of viable cells grown on agar plates, as shown in the photos. Here, 
samples were taken from the test chamber, diluted serially, and then spread on agar plates. 
The agar plates in the photos had the same dilution. It was found that the gradient of the 
curve increased gradually after every sample extraction. Finally, the marine bacteria were 
found to have been killed completely in about 90 s. These results indicate that the 
sterilization efficiency increased gradually after every sample extraction. The pressure of 
the incident shock wave at each electric discharge is thought to be constant. Hence, this 
suggests that the number density of the bubbles can increase after sample extraction. 
 
Fig. 4.27 Estimation of number of viable cells after electric discharge of 31.6 kV: ■ 
without shock waves, ▲with shock waves and bubbles 
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Figure 4.28 shows estimates of the number of viable cells after an electric discharge of 
35.1 kV to 18.8 kV. The applied frequency of shock waves was 1 Hz. The plots shown in 
this figure are of the averages for 6 sets of bio-experimental data. From this figure, the 
marine bacteria were completely killed after about 70 s with an electric discharge of 35.1 
kV. In case of an 18.8-kV discharge, the time required to attain complete sterilization was 
about 190 s. Thus, we can say that the sterilization effect increased with the output power 
of the electric discharge. The resulting shock pressures are mainly responsible for these 
results because the pressures behind the incident shock wave fronts increase with the 
output power. On the other hand, from the results obtained with an electric discharge of 
30.0 kV to 18.8 kV, the gradients of the curves were found to be almost the same during 
the first 30 s, after which the differences in the sterilization effect arose. This suggests that 
effective sterilization was not induced at that time. The reason for this could be that a 
significant number of cavitation bubbles had not been generated in the test chamber 
before the first extraction. 
 
Fig. 4.28 Estimations of number of viable cells after electric discharge of  
35.1 kV to 18.8 kV 
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  Figure 4.29 shows estimates of the number of viable cells after an electric discharge 
of 30.0 kV at different frequencies of shock waves. The solid diamonds, triangles, and 
squares represent the bio-experimental results obtained with frequencies of 1 Hz, 0.2 Hz, 
and 0.1 Hz, respectively. Other experimental conditions were the same as that in Fig. 4.28. 
This figure shows that the number of electric discharges after which perfect sterilization 
was obtained was almost the same for frequencies of 1 Hz and 0.2 Hz, while it took about 
180 shots to kill all the marine bacteria with a frequency of 0.1 Hz. Similarly, as shown in 
Fig. 4.29, the gradients of the curves were almost the same during the first 30 shots in all 
three cases. This indicates that the strength of the collapsing motion was the same during 
this period, i.e., the generated bubbles in the test chamber almost disappeared before the 
arrival of the next shock wave. Based on the pressure measurement and the numerical 
results, these cavitation bubbles were thought to be generated by the concentration of the 
reflected shock waves. Subsequently, after the second sample extraction, the differences 
in the sterilization effect were apparent. These differences suggest that many bubbles 
remained upon the arrival of the next shock wave with frequencies of 1 Hz and 0.2 Hz. It 
was suggested that these remaining bubbles were other than cavitation bubbles generated 
behind the reflected shock waves, given that the life time of cavitation bubbles is in the 
order of ms, as determined by Wang and Abe (2016). Given the experimental situation, 
we must conclude that the bubbles were being produced in another way. 
Figure 4.30 shows photos of the test chamber with the application of an electric 
discharge of 30.0 kV at 0, 30, 60, and 90 s after the beginning of the experiment. Due to 
the light refraction and low transparency of the cylindrical water chamber, the states in the 
chamber were a little unclear. However, we could somehow recognize the generation of 
bubbles by the change in the white area in the photos. By comparing the photo at 0 s with 
Fig. 4.30 (2), we can see that the state in the test chamber barely changed. At 60 s, the 
number of remaining bubbles increased and then, at 90 s, the test chamber was full of the 
bubbles before the last sample extraction. During the experiments, the water surface in the 
slot went slightly down with sample extractions of which only 0.1 ml was taken from the 
cell suspension. However, the volume of the extracted samples was so small relative to 
the total volume of the cell suspension that it can be neglected.  
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From the observation of the test chamber, the rapid rise-and-fall motion of the water 
surface was found in the slot with triggers of electric discharges. At this time, air in the 
slot was also drawn into the cell suspension and simultaneously an increasing number of 
bubbles were observed in the test chamber. The remaining bubbles appearing at 60 s and 
90 s in Fig. 4.30 could be generated in this way. The movement of the water surface was 
assumed to be caused by the oscillation of the silicone film separator between the test 
chamber and the electric discharge chamber. The underwater electric discharge produces 
a vapor bubble at the electrodes after the generation of shock waves. The vapor bubble 
contracts following the expansion so that the collapsing motion of the vapor bubble 
results in the oscillation of the silicone film separator, and then the generation of the 
bubbles in the test chamber. To confirm the generation mechanism of these bubbles, 
separators of different materials and thicknesses were used in the bio-experiments. 
 
Fig. 4.29 Estimations of number of viable cells at electric discharge of 30.0 kV:  
◆ 1 Hz, ▲0.2 Hz and■ 0.1 Hz 
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Fig. 4.30 Photos of test chamber at electric discharge of 30.0 kV during bio-experiment 
 
Figure 4.31 shows photos of the different-material separators. They were an 
aluminum plate of 1 mm in thick, a 0.1-mm aluminum film and a 0.1-mm plastic film. 
Given the properties of these materials, it is thought that it is hard to oscillate the 
aluminum plate by the motion of the vapor bubble, but easy for the aluminum film and 
the plastic film. Furthermore, it is noted that the shock waves generated by the electric 
discharge can propagate into the test chamber through the plastic film, but not through the 
aluminum plate or the aluminum film.  
 
 
Fig. 4.31 Photos of different-material separators used between electric discharge 
chamber and test chamber: 
 (1) aluminum plate, (2) aluminum film, and (3) plastic film 
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Although the bubble generation and shock wave propagation in the test chamber were 
confirmed when using a plastic film, the film broke easily by the rapid contraction and 
expansion of the vapor bubble because of its plasticity. Three bio-experiment tests were 
tried. The fracture of the plastic films was found at 180, 120, and 60 electric discharge 
shots for the first, second, and the third tests, respectively. The photos of the broken films 
are shown in Fig. 4.33. Figure 4.32 shows the results of bio-experiments performed with 
an electric discharge of 30.0 kV for different-material separators. We can see that 
sterilization effects were clearly attained during the first 60 s in the case of using the 
plastic films. From the observation, the states of the bubble generation in the test chamber 
were almost the same as that for the silicone film shown in Fig. 4.30. 
 
Fig. 4.32 Estimation of number of viable cells at electric discharge of 30.0 kV for 
 three test experiments using plastic films 
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Fig. 4.33 Failed plastic films used in bio-experiments 
 
 
Fig. 4.34 Estimation of number of viable cells for electric discharge of 30.0 kV  
using alumina plate and film 
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  Figure 4.34 shows the results of the bio-experiments performed with an electric 
discharge of 30.0 kV using the alumina plate and film. The solid diamonds indicate the 
results of bio-experiments obtained with a 1-mm aluminum plate, while the squares 
present the results obtained with a 0.1-mm aluminum film. Figure 4.34 shows, in both 
cases, that a sterilization effect was hardly obtained. In the case of the aluminum plate, the 
video data showed that the motion of the water surface in the slot was not observed during 
the experiment, therefore, the bubbles were not observed in the test chamber and the 
marine bacteria were not killed. For the aluminum film, a large number of the bubbles 
were observed in the test chamber. However, we could not attain obtain inactivation of 
the marine bacteria at all. The reason was thought to be that the aluminum blocked the 
propagation of the shock wave generated by the electric discharge. As a result, a shock 
wave causing the collapse of a bubble plays a vital role on the inactivation of marine 
bacteria. 
 
 
Fig. 4.35 Bio-experimental results obtained with electric discharge of 30.0 kV: 
 ◆ condition 1 using a silicone film without layer, ▲ condition 2 of a silicone film 
with an air layer, ■ condition 3 of an aluminum film with an air layer 
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  Figure 4.35 shows the bio-experimental results with or without air layer under the 
separators. The electric charge was 30.0 kV. In order to prevent incident shock waves 
propagating into the test chamber, a 5-mm air layer was set between the water surface in 
the electric discharge chamber and the separator, a silicone film or an aluminum film, as 
shown in the figure. The solid diamonds, triangles, and squares represent the results under 
condition 1 using a silicone film without an air layer, condition 2 of the silicone film with 
an air layer, and condition 3 of an aluminum film with an air layer, respectively. In the 
bio-experiments, bubbles were observed in the test chamber under every condition. In this 
case, all the marine bacteria were killed after 2 min under condition 1. It should be noted 
that the marine bacteria were also completely killed after 3 min under condition 2 while 
hardly any sterilization effects were found under condition 3. As described in Fig. 4.34, 
marine bacteria were not killed in the presence of bubbles alone and no incident shock 
waves. In fact, an excellent sterilization effect was obtained for the silicone film separator 
when incident shock waves were stopped entering the test chamber by the air layer. 
Hence, this suggests that underwater shock waves were being generated in the test 
chamber under condition 2. The rapid oscillation of the silicone film induced by the 
contraction and expansion of the vapor bubble was thought to produce these shock waves. 
  According to the results of one of our previous studies, underwater shock waves are 
generated by the rapid impact of the silicone film on the water surface. Figure 4.36 
illustrates a concept of a shock wave converter based on a silicone film. The shock wave 
converter consisted of an original diaphragm-free shock tube (Abe et al. 2013), a water 
tank, and an acrylic pipe with a 0.1-mm silicone film. The dimensions of the water tank 
were 50 cm (H) × 40 cm (W) × 40 cm (D). From this figure, we can see that when a 
generated shock wave is propagated in the acrylic pipe, the silicone film expands rapidly 
because of a change in the internal pressure. Finally, underwater shock waves arise 
around the pipe in the water tank due to the compression of the water. Hence, considering 
the experimental conditions shown in Fig. 4.35, the silicone film maintained a slightly 
downward curvature due to the mass of the cell suspension in the test chamber before 
triggering the electric discharges. With the expansion of the vapor bubble at the electrodes, 
the water surface in the electric discharge chamber moved upward and impacted the 
silicone film at high speed. Thus, there was a high probability of an underwater shock 
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wave being generated based on the rapid oscillation of the silicone film in the test 
chamber. 
 
 
Fig. 4.36 Concept of shock wave converter using silicone film: (a) Propagation of shock 
wave into acrylic pipe with silicone film, (b) Underwater shock wave generation by rapid 
deformation of silicone film 
 
 
Fig. 4.37 Estimation of number of viable cells for electric discharge of 31.6 kV 
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Given the results shown in Figs.4.31-4.34, an increasing number of the bubbles were 
generated by the rapid rise-and-fall motion of the water surface in the slot of the test 
chamber due to the oscillation of the separator. Therefore, an air gap of 10 mm was set to 
make the water surface move freely in the slot from the beginning of the bio-experiments, 
as shown in Fig. 4.37. In the experiments, the height of the air gap was maintained by 
putting an equivalent amount of artificial seawater into the cell suspension after every 
sample extraction. The effect of the artificial seawater on the dilution of the cell 
suspension was removed when sterilization effects were estimated. In this figure, the 
number of viable cells was decreasing exponentially and all the marine bacteria were 
killed in about 70 s. It indicates the strength of collapsing bubbles was constant and hence 
the number density of the generated bubbles hardly changed during the experiment. By 
comparing with the results in Fig. 4.27, higher sterilization effects were obtained in the 
test chamber with an air gap in the slot.  
 
 
Fig. 4.38 Photos of test chamber after every sample extraction during bio-experiment 
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Figure 4.38 shows the photos of the test chamber just before every sample extraction. 
In the figure, the water chamber was found to be always full of the generated bubbles, as 
indicated by the change in the white area in the photos. Compared with the observation in 
Fig. 4.34, an increasing number of the bubbles were produced with a 10-mm air gap in the 
slot of the test chamber. Hence, it was suggested that most of these bubbles resulting in 
effective sterilization were generated by the oscillation of the silicone film between two 
chambers, and therefore a high sterilization effect requires a large number density of 
bubbles. 
   
Fig. 4.39 Estimations of number of viable cells for electric discharge of  
35.1 kV to 18.8 kV 
Figure 4.39 shows the bio-experimental results at the electric discharge from 35.1 kV 
to 18.8 kV. The plots marked in this figure were the averages of 6 sets bio-experimental 
data. The initial concentration of marine bacteria was about 6.7 × 10
4
 cfu/ml. The other 
bio-experimental conditions were the same as that in Fig. 4.37. In this figure, all of the 
curves were found to be decreasing exponentially. Marine bacteria were killed completely 
in about 60 s with 35.1 kV, and the time of perfect sterilization was about 180 s with an 
electric discharge of 18.8 kV. Therefore, the sterilization effects were found to increase 
with the output power of the electric discharge. The shock pressures are the main reason 
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for the results, because the pressures behind incident shock wave fronts increase with the 
output power. 
  Figure 4.40 shows estimations on the number of viable cells at the electric discharge 
of 31.6 kV under different applied frequencies of incident shock waves. Solid diamonds, 
triangles, and squares are the results from 1 Hz, 0.2 Hz, and 0.1 Hz. respectively. From 
this figure, it can be seen that the sterilization effects were almost the same in all three 
cases. It was thought that a tremendous amount of generated bubbles remained in the test 
chamber even after about 10 s.  
Figure 4.41 shows photos of the test chamber after 90 electric discharge shots. The white 
area in the test chamber hardly changed at 5 s and 10 s. For this reason, high sterilization 
effects were obtained with 0.2 Hz and 0.1 Hz, as shown in Fig. 4.40. 
 
Fig. 4.40 Estimations of number of viable cells for electric discharge of 31.6 kV:  
◆ 1 Hz,▲ 0.2 Hz, and ■ 0.1 Hz 
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Fig. 4.41 Photos of test chamber after 90 electric discharge shots 
 
 
Fig. 4.42 Estimation of number of viable cells for electric discharge of 31.6 kV and 
different initial densities of marine bacteria 
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Figure 4.42 shows estimates of the number of viable cells for an electric discharge of 
31.6 kV with different initial densities of marine bacteria. The plots marked in this figure 
were of the averages for six sets of bio-experimental data. The initial densities of the 
marine bacteria were 4.1 × 10
4 
and 6.7 × 10
4
 cfu/ml. The other bio-experimental 
conditions were same as those for Fig. 4.37. It was found that the numbers of marine 
bacteria in the two cases decreased exponentially. Therefore, the parameter in the function 
related to the number of viable cells y was derived to about −0.150 based on the 
bio-experimental results.  
 
4.3.4 Concluding Remarks 
The section has described the experimental examination of the sterilization effect of 
underwater shock waves with the induced bubbles for marine bacteria in a cylindrical 
water chamber. Bio-experiments with the marine Vibrio sp. were carried out under 
different conditions of electric discharges. A silicone film was used to separate the test 
chamber and the electric discharge chamber. On the other hand, to analyze the 
propagation behaviors of underwater shock waves in the cylindrical water chamber, an 
axisymmetric numerical simulation was introduced. In addition, the probability of 
cavitation bubble generation was also confirmed by pressure measurements. The 
following conclusions were obtained. 
(1) A numerical analysis revealed that underwater shock waves generated by the instant 
release of a high-pressure water sphere were reflected at the inner wall and were then 
superposed at the central axis of the cylindrical water chamber. Cavitation bubbles 
were expected to be generated as a result of the tensile stress behind the concentration 
of the underwater shock waves. 
(2) From the results of the bio-experiments, we can see that effective sterilization was 
obtained in the cylindrical water chamber. However, the effects of these cavitation 
bubbles generated behind the concentration of underwater  shock waves were 
negligible due to the small number density. From the observation of the test chamber, 
an increasing number of bubbles were produced by the oscillation of the separator 
between the two chambers, resulting from the collapsing motion of the vapor bubble 
at the electrodes. These generated bubbles by this way contributed primarily to the 
effective sterilization of marine bacteria in the water chamber. 
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(3) The sterilization effects increased with the pressure behind the incident shock wave 
front. The strength of underwater shock wave took responsibility on the shock wave 
sterilization method. On the other hand, a high applied frequency of incident shock 
wave also increased the sterilization effects. This suggests that effective sterilization 
requires a high frequency of collapsing bubbles induced by shock pressure. However, 
this also depends on the life cycle of the generated bubbles. 
(4) In the experiments, other material separators between the two chambers were also 
used in the bio-experiments. They were a plastic film, an aluminum film, and an 
aluminum plate. A sterilization effect was clearly obtained with the plastic film but 
the film broke easily by vapor bubble motion due to its plasticity. For the aluminum 
plate, bubbles were not generated in the test chamber and the marine bacteria were 
barely affected. However, the inactivity of marine bacteria was still not induced in 
spite of a tremendous number of the generated bubbles in the case of an aluminum 
film. The reason was that there was no incident shock wave in the test chamber 
owing to the material property. These results suggest that the shock wave inducing 
the collapse of a bubble plays a vital role in the sterilization of marine bacteria. 
(5) When an air gap of 5 mm between the silicone film and water surface was set in the 
electric discharge chamber, a large number of bubbles were still generated and a high 
sterilization effect was also obtained. In fact, the incident shock wave induced by the 
electric discharge was not able to enter the test chamber due to the air gap. Therefore, 
it was suggested that underwater shock waves were generated by the impact between 
the water surface and the silicone film. The results pointed to the possibility of 
effective sterilization by oscillating a silicone film continuously without the supply 
of incident shock waves or microbubbles. 
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4.4 Narrow Water Chamber 
4.4.1 Introduction 
  Koita et al. (2015) reported that cavitation bubbles were generated behind the 
shock waves generated by an underwater electric discharge in a narrow water chamber. 
The reflection of an underwater shock wave at the wall induced the propagation of 
multiple waves in the narrow water chamber. Cavitation bubbles were found behind 
these multiple waves. Furthermore, the cavitation bubbles could be observed near the 
wall by enabling visualization from the side of the water chamber. In addition, they also 
measured the pressure in the area in which the cavitation bubbles were generated and 
obtained a vapor bubble pressure higher than the saturated value. Finally, they argued 
that the interactions of some kinds of waves at the interface between the air and acrylic 
walls caused the generation of tensile stress in water, as shown in Fig. 4.43. An incident 
shock wave (SW) generated by an electrical discharge is reflected partly by the internal 
wall to form reflected shock waves (RSW), and that part of the SW entering the wall is 
propagating as an elastic shock wave (ESW), as shown in Fig. 4.43 (2). Expansion 
waves (EW) are produced by the reflection of the EWS at the interface between the air 
and the wall and then re-enter the water. Cavitation bubbles are induced by the tensile 
stress resulting from the interaction between these waves.  
 
Fig. 4.43 Schematic of cavitation bubbles generated behind multiple waves induced by 
underwater electric discharge in narrow water chamber 
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4.4.2 Bio-experimental setup 
  The sterilization effect of these cavitation bubbles was investigated using a 
bio-experiment based on the marine Vibrio sp. in a narrow water chamber. Figure 4.44 
shows a schematic of the bio-experimental setup in a narrow water chamber. The 
dimensions of the narrow water chamber were 300 mm (H) × 240 mm (W) × 5 mm (D). 
A silicone bag filled with a cell suspension of marine bacteria was designed to fit in the 
water chamber. The dimensions of the silicone bag were 0.1 mm (thickness) × 100 mm 
(W) × 150 mm (L) × 5 mm (D). Its acoustic impedance is almost the same as that of 
water. The bag was set up at a distance L1 from the discharge point in the water chamber. 
The underwater shock waves were generated by a pulse high-voltage power supply.  
Figure 4.45 illustrates the sterilization mechanism in the narrow water chamber. 
Cavitation bubbles generated behind the underwater shock waves interact with the 
reflected shock waves or the next incoming incident shock wave. Finally, rebound shock 
waves and free radicals are generated by the collapse of the cavitation bubbles, and the 
marine bacteria around the bubbles are killed. A photo of the marine Vibrio sp. used in 
the bio-experiments is shown in Fig. 4.45 (c). 
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Fig. 4.44 Schematic of bio-experimental setup in narrow water chamber 
 
 
Fig. 4.45 Concept of sterilization mechanism using cavitation bubbles generated behind 
underwater shock wave 
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4.4.3 Optical observation of test chamber 
  As described in Fig. 4.43, cavitation bubbles could be generated by the tensile stress 
caused by the interactions of waves at the interface between the air and acrylic walls. 
The results shown in Figs.3.16-3.17 reveal that the propagation of shear waves in the 
wall of a flow channel also results in tensile stress arising in the water when large 
amounts of energy are released as a result of an underwater electric discharge and 
induce by the deformation of the wall material. In this way, cavitation bubbles are also 
produced by the tensile stress near the wall. To further investigate the mechanism 
whereby cavitation bubbles are generated in a narrow chamber, the observation was 
carried out using the optical method in the area indicated by the broken box, as shown 
in Fig. 4.46. In Fig. 4.46 (a), the water chamber was filled with distilled water while the 
silicone bag contained artificial seawater. To prevent an underwater shock wave 
resulting from an electric discharge from propagating into the silicone bag, an air layer 
of L2 between the water surface and the bottom of the silicone bag was arranged in the 
water chamber, as shown in Fig. 4.46 (b). 
 
 
Fig. 4.46 Schematic of narrow water chamber used for optical observation: 
(a) chamber filled with distilled water, (b) air layer of L2 between water and silicone bag 
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4.4.4 Results and Discussion 
  Figure 4.47 shows the multiple waves generated by an underwater electric discharge 
in the narrow water chamber, as observed using the schlieren method. The optical 
schlieren method was carried out using a metal halide lamp. The output power of the 
electric discharge was 28.6 kV. The high-speed camera (i-SPEED 7, Nac Image 
Technology) captured images at a frame rate of 100 kfps with an exposure time of 300 ns. 
The resolution of the images was 840 × 216 pixels. 
In the figure, an elastic wave propagating in the acrylic wall and the first shock wave 
generated by the electric discharge can be observed in frame 1. The first shock wave 
was assumed to be cylindrical due to shallowness of the water chamber. The images 
indicate that the propagating speed was about 1500 m/s. Moreover, an expansion wave 
was observed behind the first shock wave. This could be caused by the interactions of 
different kinds of waves at the interface between the air and acrylic walls (Koita 2015), 
or the shear stress resulting from the deformation of the wall material. At 20 s, the first 
shock wave was reflected partly at the bottom of the silicone bag, as indicated by 
reflection 1 and then propagated into the bag. At 30 s, the expansion wave began to 
enter the bag, after which its reflected wave (reflection 2) was observed behind 
reflection 1. Next, cavitation bubbles were generated behind the expansion wave, after 
which the region containing the bubbles grew with the passage of the wave. At 180 s, 
the rebound shock waves generated by the collapse of the cavitation bubble were 
captured in the silicone bag. These results suggest that these cavitation bubbles 
generated in the narrow water chamber have the potential to kill marine bacteria. 
According to the mechanism of an underwater electric discharge, a vapor bubble is 
induced between the electrodes after the production of the first shock wave. This vapor 
bubble begins to expand due to the thermal effect. The difference in the pressure inside 
and outside the bubble causes the bubble to contract. A rebound shock wave is 
generated at the instant that the bubble begins to re-expand from its minimum size. In 
Fig. 4.47, the rebound shock wave can be observed at 1.54 ms. Furthermore, the 
presence of cavitation bubbles was also confirmed in the silicone bag. Hence, we can 
170 
 
assume that the cavitation bubbles induced by the rebound shock wave also contribute 
to the sterilization. 
 
 
Fig. 4.47 Observation of multiple waves generated by underwater electric discharge in 
narrow water chamber using schlieren method 
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  Figure 4.48 shows the observation of multiple waves, generated by underwater 
electric discharge with a 2-mm air layer. The experimental and high-speed-camera 
conditions were the same as those for Fig. 4.47. In this figure, we can see elastic waves 
in frames 1 and 2. The reflected wave (reflection 1) was clearly captured when the first 
shock wave was reflected by the air layer at 30 s. Subsequently, a second reflection 
wave (reflection 2) was seen behind reflection 1. This is thought to be an expansion 
wave being reflected from the water surface. Although the propagation of an underwater 
shock wave was intercepted well by the air layer, the passing of a wave through the 
silicone interface was confirmed and cavitation bubbles were generated behind that 
wave in the silicone bag. Therefore, we can assume that that wave is a shear wave 
caused by the deformation of the wall material and propagating in the wall of the water 
chamber. 
 
Fig. 4.48 Observation of multiple waves generated by underwater electric discharge 
with a 2-mm air layer 
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As mentioned in Fig. 4.47, the cavitation bubbles were also generated in the silicone 
bag due to the collapse of the vapor bubble between the electrodes. Although the air 
layer did not affect the generation of the cavitation bubbles, the width of the layer was 
closely related to the motion of the vapor bubbles. Hence, optical observations were 
carried out for air layers of different widths. Figure 4.49 shows the behaviors of the 
vapor bubble with a 5-mm air layer. The distance between the discharge point and the 
water surface was about 18 mm. The other experimental conditions and 
high-speed-camera settings were the same as those for Fig. 4.48. Frame 1 shows an 
elastic wave propagating in the wall and the first shock wave. The induced vapor bubble 
at the discharge point expands in frames 2 and 3, and reaches a maximum in frame 4. 
During the expansion, the water surface moved upwards slightly. Next, the vapor bubble 
contracted and rebound shock waves were generated at 1.43 ms. It was also found that 
the water surface was pulled towards the bubble and jets were generated during the 
contraction motion.  
 
 
Fig. 4.49 Behaviors of vapor bubbles for electric discharge of 28.6 kV 
 with 5-mm air layer 
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Figure 4.50 shows the behaviors of the vapor bubbles for an electric discharge of 28.6 
kV with a 15-mm air layer. The distance between the discharge point and the water 
surface was about 8 mm. The other experimental conditions and high-speed-camera 
settings were the same as those for Fig. 4.48. Frame 1 shows the first shock wave being 
reflected from the air layer and an elastic wave propagating in the wall. Similarly, as 
shown in Fig. 4.49, the water surface moved up due to the expansion of the vapor 
bubble in frame 2 and 3. The amount by which the water surface rises can be clearly 
observed in this figure. Furthermore, the speed at which the surface rises was almost the 
same as the speed at which the bubble expands, as measured from the images. Frame 4 
shows that the top surface of the water continued to rise due to inertia while the bottom 
surface moved towards the bubble during bubble contraction. At 1.32 ms, rebound 
shock waves were generated before the underside of the water surface reached the 
bubble. Compared with the observations in Fig. 4.49, the collapse time was shortened 
because a great amount of energy was consumed in lifting the water surface. 
 
 
Fig. 4.50 Behaviors of vapor bubble for electric discharge of 28.6 kV 
 with a 15-mm air layer 
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  Figure 4.51 shows multiple waves being generated for an electric discharge of 28.6 
kV with a 20-mm air layer. The high-speed camera (i-SPEED 7, Nac Image Technology) 
was used to capture images at a frame rate of 100 kfps and an exposure time of 300 ns. 
The resolution was 400 × 350 pixels. This figure shows the first shock wave being 
generated at the discharge point in frame 1. Next, reflections 1 and 2 were observed 
clearly in water. It was found that the first shock wave was propagating in the air layer 
before the shear wave in frame 2. Here, the propagating speed of the first shock wave 
was about 1125 m/s in air. When the shear wave was passing through the silicone bag, 
cavitation bubbles were generated, as can be seen in frame 4. 
 
 
Fig. 4.51 Observation of multiple waves generated for electric discharge of 28.6 kV 
with 20-mm air layer 
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Figure 4.52 shows the behaviors of a vapor bubble for an electric discharge of 28.6 
kV with a 20-mm air layer. The distance between the discharge point and the water 
surface was about 3 mm. The high-speed camera settings were the same as those for Fig. 
4.51. This figure shows the water surface moving upwards at the same speed as the 
bubble was expanding. In frame 2, the vapor bubble began to contract, but its 
contraction was disturbed by the underside of the water surface because of the short 
distance between the water surface and the bubble, such that the bubble could not 
contract at high speed. In frame 4, downward-moving jets were generated instead of a 
rebound shock wave. In this figure, the vapor bubble did not complete the contraction 
and generate a rebound shock wave due to the effect of the water surface. Similarly, 
cavitation bubbles were not induced by the motion of the vapor bubble in the silicone 
bag. 
 
 
Fig. 4.52 Behaviors of vapor bubble for electric discharge of 28.6 kV  
with 20-mm air layer 
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Figure 4.53 shows an estimation of the number of viable cells of the marine Vibrio 
species for an electric discharge of 28.6 kV. The plots marked in this figure were of the 
averages of six sets of bio-experimental data. The density of the viable cells was 0.7 × 
10
5
 cfu/ml at the beginning of the bio-experiment. The solid squares on the red curve 
represent the reference data taken from the solution of marine bacteria to which an 
incident shock wave had not been applied. The number of viable cells did not change 
during the experiments. The solid diamonds on the blue curve represent the results 
obtained with the application of incident shock waves. The applied frequency was 1 Hz. 
This figure shows that the number of viable cells decreased exponentially, with the 
marine bacteria being completely killed after 4 min. Thus, we can say that underwater 
shock waves with cavitation bubbles generated in the narrow water chamber are capable 
of killing marine bacteria. 
 
 
Fig. 4.53 Estimation of number of viable cells of marine Vibrio sp. obtained with 
electric discharge of 28.6 kV 
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Figure 4.54 shows estimations of the number of viable cells for electric discharges of 
28.6 kV and 31.6 kV. The plots marked in this figure were of the averages for six sets of 
bio-experimental data. The solid squares are the reference data. The solid diamonds and 
triangles represent the results of the bio-experiments for electric discharges of 28.6 kV 
and 31.6 kV, respectively. The figure shows that all the marine bacteria were killed after 
2 min in case of the 31.6-kV discharge, while the time required to attain perfect 
sterilization time was about 4 min for the 28.6-kV electric discharge. One reason for this 
is that the pressure behind incident shock wave generated by the electric discharge 
increased with the output power. Therefore, the strength of the incident shock wave 
plays an important role in killing the marine bacteria in the narrow water chamber. On 
the other hand, cavitation bubbles were caused by the deformation of the wall material 
and thereby the output power of the electric discharge should affect the generation of 
these cavitation bubbles. Therefore, an optical observation was carried out for electric 
discharges with different output powers. 
 
 
Fig. 4.54 Comparison of estimation of sterilization effects for electric discharges of  
28.6 kV and 31.6 kV  
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Figure 4.55 shows estimates of the number of viable cells for an electric discharge of 
28.6 kV and different initial concentrations of the marine Vibrio sp.. The plots marked 
in this figure were of the averages for six sets of bio-experimental data. The initial 
densities of the marine bacteria were 0.7 × 10
5 
cfu/ml and 1.6 × 10
5
 cfu/ml. It was found 
that the numbers of viable cells decreased according to the same exponential function. 
The parameter for the exponential function was about −0.035. 
 
Fig. 4.55 Estimation of number of viable cells for electric discharge of 28.6 kV and 
different initial concentrations of the marine Vibrio sp.  
 
Figures 4.56 and 4.57 show the cavitation bubbles in the silicone film for electric 
discharges of 28.6 kV and 31.6 kV, respectively. The shadowgraph observation was 
carried out using a laser light source. The high-speed camera (i-SPEED 7, Nac Image 
Technology) was used to capture images with a frame rate of 100 kfps and an exposure 
time of 10 ns. The resolution was 840 × 216 pixels. Figs. 4.56 and 4.57 show the 
shadowgraph phenomena at both ends of the images changing to schlieren phenomena 
due to the lens aperture not being completely open. A comparison of Figs. 4.56 and 4.57 
reveals that the number density of the cavitation bubbles increases with the output 
power.  
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Fig. 4.56 Observation of cavitation bubbles in silicone film for electric discharge of 
 28.6 kV using shadowgraph method 
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Fig. 4.57 Observation of cavitation bubbles in silicone film for electric discharge of  
31.6 kV using shadowgraph method 
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4.4.5 Concluding Remarks 
  This section has described the mechanism whereby cavitation bubbles are generated 
in a narrow water chamber and the sterilization effects of these cavitation bubbles for 
the marine Vibrio sp. In the bio-experiments, a cell suspension of marine bacteria was 
separated from the water surrounding the electrodes by a silicone bag. A pulse 
high-voltage power supply was used to produce underwater shock waves. To investigate 
the cause of the cavitation bubble generation in the silicone bag, the propagation 
behaviors of the underwater shock waves were observed using an optical method under 
two conditions. The condition 1 involved the water chamber being filled with distilled 
water, while the condition 2 involved there being an air layer between the water surface 
and the bottom of the silicone bag. The following conclusions can be drawn. 
(1) By comparing the observations for condition 1 with those for condition 2, it was 
found that the tensile stress causing cavitation generation was a result of the shear 
wave generated by the deformation of the wall material in the narrow water 
chamber.  
(2) On the other hand, the collapsing motion of the vapor bubble between the electrodes 
also induced the generation of cavitation bubbles in the silicone bag. Therefore, an 
investigation was carried out to determine the effect of the water surface on 
collapsing motion of the bubble under condition 2. Thus, the generation time of the 
rebound shock wave was shortened with the distance between the discharge point 
and water surface until, finally, there was insufficient space for the vapor bubble to 
complete its contraction and generate rebound shock waves. 
(3) The bio-experimental results revealed that a high sterilization effect was obtained 
from the use of both underwater shock waves and cavitation bubbles. The 
sterilization effect increased with the output power of the electric discharge because 
both the strength of the incident shock wave and the number density of the 
cavitation bubble increased. 
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4.5 Chapter Summary 
  This chapter has described bio-experiments of the marine Vibrio sp. that were carried 
out to confirm the shock wave sterilization effect in a circular-flow water tank, a 
cylindrical water chamber, and a narrow water chamber, respectively. Underwater shock 
waves were applied with an arbitrary frequency using a high-voltage power supply and 
pulse generator. The following conclusions can be drawn: 
(1) In the circular-flow water tank, the sterilization effects were clearly obtained under 
with only shock wave application or microbubble/shock-wave application. When 
only shock waves were input, the presence of cavitation bubbles was confirmed 
behind the converging underwater shock wave by optical observation. Their collapse 
would contribute to the killing of the marine bacteria.  
(2) The sterilization effect was clarified using underwater shock waves with the induced 
bubbles in a cylindrical water chamber and a narrow water chamber.  
(3) In the cylindrical water chamber, most of the bubbles inducing the effective 
sterilization were caused by the rapid oscillation of the separator between the two 
chambers resulted from the collapsing motion of the vapor bubble between the 
electrodes. The bio-experimental results suggested that an underwater shock wave 
inducing the collapse of microbubble played a vital role in this shock wave 
sterilization and its strength was responsible for the sterilization effect. Furthermore, 
effective sterilization required high frequency of collapsing bubbles interacting with 
the shock pressure. However, it also depended on the life cycle of the generated 
bubbles. As a result, it could be possible to attain sterilization by continuously 
oscillating a silicone film without supplying either incident shock waves or 
microbubbles in the water chamber. 
(4) In the narrow water chamber, cavitation bubbles were generated as a result of the 
tensile stress induced by the deformation of the wall material. From the results of 
the bio-experiments, both the strength of the underwater shock wave and the number 
density of the bubbles contributed to the sterilization effect. 
(5) The results indicate that, within a certain range of initial densities of the marine 
bacteria, the numbers of viable cells decrease according to the same exponential 
function regardless of the initial concentration. 
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CHAPTER 5 
Analytical Study of Sterilization Effect 
5.1 Introduction 
To effectively sterilize a very large amount of ships’ ballast water, Abe et al. (2007) 
proposed a shock wave sterilization method using microbubble motion. To establish the 
shock wave sterilization technique, the present study has focused on the analysis of the 
collapsing microbubbles using an optical method and numerical and theoretical 
approaches, the investigation of the sterilization effect in a circular-flow water tank, and 
in a cylindrical water chamber and a narrow water chamber. By means of 
bio-experiments on the marine Vibrio sp., the sterilization effects of this microbubble 
motion were clarified. An ideal microbubble motion is expected to make the shock 
wave sterilization method highly effective. It was found that the conditions needed to 
obtain ideal bubble collapse as induced by shock pressure are closely related to the 
bubble diameter and its shape, the number density of the bubbles, and the peak pressure 
and pressure profile of the shock pressure. Hence, a hybrid analytical method is 
proposed to analyze the contributions of these parameters to the sterilization effect so 
that effective sterilization is attained. The hybrid analytical method consists of a 
biological probability model for cell viability and a physical impact model of the 
microbubble-shock wave interaction. 
First, the concept of the hybrid analytical method is introduced. A biological 
probability model based on the work by Sundaram (2003) is developed to predict the cell 
viability ratio of marine bacteria considering the total number of marine bacteria. Next, 
it is assumed that a microbubble exposed to a planar shock wave is able to maintain a 
spherical shape during the collapsing motion and thus generates a spherical rebound 
shock wave. The hybrid analytical method is applied to the estimation of the 
sterilization effect based on the present experimental water tank. Finally, the 
sterilization effects are discussed for different conditions such as the number density of 
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the microbubbles, the strength of the shock wave, and the tolerance of the marine 
bacteria to shock pressure. 
5.2 Hybrid Analytical Method 
5.2.1 Concept of Hybrid Analytical Method 
To build a hybrid means of analytically estimating the shock wave sterilization 
method, it is necessary to understand the sterilizing mechanism. Figure 5.1 shows the 
concept of the shock sterilization method whereby the collapsing motion of a 
microbubble is applied to the inactivation of the marine bacteria. In the first stage, 
floating microbubbles in water including marine bacteria start to contract immediately 
after they are exposed to an external underwater shock wave. In the second stage, the 
condensation of the surface electric charges with the contraction of the microbubbles 
produces free radicals that strongly oxidize the marine bacteria. In the final stage, the 
microbubbles contract to a minimum size, and rebound shock waves are generated as the 
microbubbles then expand. The pressures of the rebound shock waves act strongly on the 
marine bacteria near the microbubbles. Therefore, we believe that the marine bacteria can 
probably be destroyed physically and biochemically using this shock wave sterilization 
method. 
 
Fig. 5.1 Concept of sterilization method of marine bacteria using microbubbles 
interacting with shock wave 
 
Takahashi et al. (2007) detected the generation of free radicals caused by ionic 
accumulation on the surface of contracting microbubbles without any external pressure. 
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Delius et al. (1998) examined the effects of extracorporeal shock waves on hemoglobin 
release at the minimum static excess pressures. The freed hemoglobin was identified as a 
marker of cell destruction. They noted that shock waves with an amplitude of 400 kPa 
could induce membrane destruction and other biological effects. Lokhandwalla and 
Sturtevant (2001) analyzed the interactions of red blood cells with shock-induced and 
bubble-induced flows in shock wave lithotripsy, respectively. The crucial contribution of 
radial bubble motion to membrane deformation was confirmed by their work. During the 
expansion stage of microbubbles, the bubbles grew rapidly from their initial radius to 
their maximum radius in less than half the acoustic cycle and then violently collapsed. 
They also argued that the shock-induced inertial tension was not the dominant factor 
owing to its short duration of around 3 ns. On the other hand, Sundaram (2003) 
investigated the viability of cells exposed to varying acoustic energy doses using a 3T3 
mouse cell suspension and suggested that the critical strains of the membrane were easily 
exceeded when the cells were exposed to microbubble-induced shock waves. Subsequent 
membrane disruption was thought to play an important role in the activity of the cell. 
They also developed a theoretical model to clarify the contributions of every stage of 
transient cavitation to membrane permeabilization. From the above-mentioned work, the 
inactivity of marine bacteria in the proposed shock sterilization will be also considered to 
be strongly related to membrane damage mediated by the collapsing microbubbles, i.e., 
membrane disruption of the cells will be caused by membrane stretching deformation that 
exceeds the limit of strain when excessive shear stresses are generated on a membrane by 
the action of shock-induced flow for a relatively long time. 
In this chapter, from the viewpoint of the physical sterilization effect, a hybrid 
analytical model consisting of a biological probability model of cell viability and a 
physical impact model of the interaction of microbubbles with shock waves are 
proposed to estimate the sterilization effects of the shock wave sterilization method on 
marine bacteria. In the physical impact model, the pressure attenuation of a rebound 
underwater shock wave generated by the collapse of a microbubble is estimated. The 
biological probability model based on the work by Sundaram (2003) is applied to the 
prediction of the cell viability ratio of marine bacteria. 
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5.2.2 Biological Probability Model 
The pressure of a spherical shock wave front generated by the collapse of a 
microbubble is considered to decrease exponentially with wave propagation in the radial 
direction. Therefore, the space in which the marine bacteria will be strongly affected by a 
rebound shock wave will be confined around the microbubble, and the space in which the 
marine bacteria are perfectly killed by the rebound shock wave of a microbubble collapse 
is defined as the sterilized space. Figure 5.2 is a schematic of the sterilized space around a 
microbubble. In this figure, the microbubble is centered in a water volume V in which N 
bacteria are suspended. The sterilized space is represented as a sphere of radius rs. 
 
Fig. 5.2 Schematic of sterilized space around bubble 
 
Here, we consider the cell viability of marine bacteria after M microbubble collapse 
events. The number of inactive bacteria after the first collapse event, in other words, the 
number of bacteria located in the sterilized space, N1, is given by  
   𝑁1 =
4
3
𝜋(𝑟𝑠
3 − 𝑅𝑏
3)
𝑁
𝑉
, (5.1) 
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where Rb is the microbubble radius, V is the volume of the water sphere, N is the number 
of the bacteria around the microbubble, and rs is the radius of the sterilized space. 
Therefore, the cell viability ratio of the bacteria after the first rebound, 1, is expressed 
as follows: 
   𝛼1 = 1 − 𝜆1, (5.2) 
   𝜆1 = 𝑁1 𝑁⁄ =
4
3
𝜋(𝑟𝑠
3 − 𝑅𝑏
3)
1
𝑉
  , (5.3) 
where subscript 1 means the number of the bubble collapse. It is assumed that  is 
constant during every event of collapsing motion for a certain microbubble, i.e.,1 = 2 = 
3. 
Given that the distribution of microbubbles and bacteria in the water tank is random, 
the cell viability ratio after M collapse events,  is given by 
   𝛼𝑀 = 1 − 𝜆1 ∑ (1 − 𝜆1)
𝑚−1.
𝑀
𝑚=1
 (5.4) 
Finally, after a Taylor expansion, Eq. (4) can be rewritten as 
   𝛼𝑀 ≈ 𝑒
−𝜆1𝑀. (5.5) 
Therefore, the bacteria viability ratio is determined by two parameters, 1 and M, 
where 1 only depends on the radius of the sterilized space rs for a certain microbubble, 
and M is the total number of collapse events generated during a certain time. 
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5.2.3 Hybrid Analysis Procedure 
To obtain the value of 1 in Eq. 5.5, it is necessary to estimate the radius of the 
sterilized space rs. Therefore, we tried to estimate rs by using the physical impact model 
presented in Chapter 3. First, the impact interaction model was used to estimate the 
relationship between the peak pressure value and the propagation distance of a spherical 
rebound shock wave produced around a microbubble. Next, it was necessary to determine 
the critical pressure value needed to kill marine bacteria. Here, the cell membranes are 
known to exhibit a relatively low tolerance to membrane stretching. Lokhandwalla and 
Sturtevant (2001) suggested that the damage potential of the shock wave depended on the 
spatial gradient of the pressure and the duration of the pulse. To study the effect of shock 
waves on the marine Vibrio sp., Abe et al. (2013) used a gas gun to accelerate an 
aluminum impactor to generate strong shock waves in an aluminum container into which 
a cell suspension liquid was sealed. Based on the results obtained by Abe et al. (2013), 
the critical pressure Pcr that damaged the cell wall of marine Vibrio sp. was assumed to be 
200 MPa in the hybrid analysis. Finally, from the above-mentioned procedure, we 
estimated the threshold pressure and the radius of the sterilized space, rs. 
Here, the Herring bubble motion equation used in the physical impact interaction 
model is as follows: 
   (1 −
2?̇?
𝐶∞
) 𝑅?̈? +
3
2
(1 −
4
3
?̇?
𝐶∞
) ?̇?2 +
1
𝜌∞
(𝑃∞ − 𝑃𝑠 −
𝑅
𝐶∞
𝑑𝑃𝑠
𝑑𝑡
) = 0.     (5.6) 
 
Based on the above, the hybrid analytical method was constructed by combining the 
biological probability model and the impact interaction model. The hybrid analysis 
procedure is as follows: 
(1) Obtain the experimental pressure data for incident shock wave, P∞.  
(2) Substitute P∞ into the physical impact interaction model to estimate the relationship 
between the pressure and radius of the underwater spherical shock wave. 
(3) Determine the sterilization space radius rs from critical pressure Pcr. 
(4) Calculate 1 using Eq. 5.3. 
(5) Calculate using Eq. 5.5. 
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5.3 Estimation of Circular-Flow Water Tank 
5.3.1 Analysis of Targeted Subject 
  Figure 5.3 is a schematic of the analytical target area in the circular-flow water tank, 
described in Section 4.2.1. As shown in Fig. 5.3 (a), the shock focusing using a 
semi-ellipsoidal reflector was introduced to enhance the shock pressures in the targeted 
section. It was suggested that the targeted area was the most effective area in which to 
attempt to kill the marine bacteria in the test chamber. In the hybrid analytical method, 
the analysis area was restricted to the targeted section, 25 mm to 60 mm from the 
discharge point. In Fig. 5.3 (b), the targeted section was divided into eight parts. The 
widths of area ② to ⑦ were 5 mm while those of areas ① and ⑧ were 2.5 mm. In 
addition, it was also assumed that the pressure distribution in the flow direction was 
uniform in the targeted section and that the external pressure was zero.  
 
Fig. 5.3 Targeted area of circular-flow water tank using hybrid analytical method 
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  To analyze the propagation of an incident shock wave, pressure measurements in the 
electric discharge chamber with the flow channel, shown in Fig. 5.4, were taken using 
the FOPH 2000 without the supply of microbubbles. The chamber had a 
two-dimensional semi-ellipsoidal reflector, and underwater shock waves were generated 
at the first focal point of the reflector. The reflected shock waves were focused at the 
position of the second focal point in the flow channel. The pressures were measured at 
the central axis of the targeted section passing through the discharge point. 
 
 
Fig. 5.4 Schematic of pressure measurement in flow channel of circular-flow water tank 
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5.3.2 Results and Discussion 
  Figure 5.5 shows the relationship between the production rate and microbubble 
diameter of the original bubble generator used in the bio-experiments. From the results, 
it was found that the mean diameter of the generated bubbles was about 50 m. 
Therefore, the sterilization effects of the circular-flow water tank were estimated for 
microbubbles with an initial diameter of 50 m in the hybrid analytical analysis. 
 
Fig. 5.5 Diameter distribution of bubbles generated by the original device  
 
Figure 5.6 shows the results of pressure measurement at positions of 25 to 60 mm 
from the discharge point. The peak pressures of the first shock waves decreased from 
8.8 MPa at 25 mm to 4.12 at 60 mm. The reflected shock waves converged at the 
second focal point, so that their pressure values were reversed at 50 mm. However, due 
to the effect of the silicone film at 25 mm, there were no remarkable differences in the 
pressure values at the focal point and the pressures exerted on the microbubbles in the 
flow channel were lower than expected. Hence, in the first step of the hybrid analytical 
estimation, we assumed that the collapse of the microbubble was induced by the first 
shock wave, and decided to apply the pressure attenuation curve for the first shock wave 
only to the physical impact model. In addition, the incident shock wave front 
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propagating in the targeted section was treated as a planar shock wave at every position 
relative to the discharge point. 
 
Fig. 5.6 Relationship between peak pressure and distance from discharge point:  
◆ and ■ indicate 1st and reflected shock waves, respectively 
 
Figure 5.7 shows the relationship the between the initial bubble diameter and the 
maximum pressure inside the bubble at points of 25 to 60 mm from the discharge point. 
From this figure, the optimal bubble diameters cannot be found for the pressure profile 
of a planar shock wave. This is because bubbles from 4 m to 150 m in diameter can 
contract sufficiently and attain the ideal collapse motion after the passage of a planar 
shock wave. On the other hand, the maximum pressures inside the bubbles decreased 
considerably as the initial diameter of the bubble increased from 4 m to 40 m, after 
which the peak internal pressure remained almost constant for bubbles with a diameter 
in excess of 40 m. In the theoretical analysis of microbubble behaviors induced by 
shock pressure, the surface tension in the Herring bubble motion equation was assumed 
to be constant. Hence, the planar shock waves caused the bubbles to further contract and 
thus higher peak internal pressures were obtained. For smaller-diameter bubbles, surface 
tension is required to maintain the spherical shapes during the collapsing motion and 
therefore the peak internal pressures of these bubbles are sensitive to the surface 
tension. 
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Fig. 5.7 Relationship between initial bubble diameter and maximum internal pressure at 
points of 25–60 mm from discharge point 
 
Figures 5.8 (a) and (b) represent the analytical solutions to the Herring bubble motion 
equation for a 50-m diameter microbubble located at a point of 25 mm from the 
discharge point. The pressure behind the incident shock wave P∞ = 8.8 MPa, the density 
of water = 999.7 kg/m3, the viscosity coefficient × −3 Pas, the surface 
tension= 74 × 10−3 N/m, and the specific heat ratio of air = 1.4 were used. Figure 5.8 
(a) shows the time variations of the bubble diameter and surface velocity. The bubble 
diameter reached a minimum value in only 0.26 s, whereas the bubble surface started to 
contract with acceleration, and the surface speed became 705 m/s in the direction of 
contraction. After the bubble radius reached the minimum, the bubble surface started to 
expand in the positive direction and reached the maximum speed of 309 m/s. Figure 5.8 
(b) shows the time variation in the internal pressure of the bubble. The maximum 
pressure, about 1690 MPa, was obtained at the first rebound. This suggests that a strong 
spherical underwater shock wave would be generated around the bubble at the same time. 
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(a) Time variations of bubble diameter and surface velocity 
 
 
(b) Time variations of pressure inside microbubble 
Fig. 5.8 Analytical results of bubble motion equation for 50-m diameter microbubble 
located 25 mm from discharge point 
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Figure 5.9 shows the pressure attenuation of a spherical underwater shock wave front 
obtained using the physical impact model. In the model, a 50-m diameter microbubble 
was exposed to a pressure of 8.8 MPa behind the incident shock wave. The abscissa 
indicates the distance from the center of the microbubble. The maximum pressure of an 
underwater shock wave front was about 1800 MPa when the bubble diameter reached the 
minimum value of 7.2 m, and this peak pressure value was higher than that of the 
maximum pressure inside the microbubble, 1690 MPa, shown in Fig. 5.8 (b). The 
pressure of the shock wave front decreased exponentially from 1800 MPa with an 
increase in the distance from the center of the microbubble.  
Figure 5.10 shows the relationship between the number of viable cells and the impact 
velocity. The number of viable cells is represented by log (CFU/ml), where CFU stands 
for “colony forming units.” The initial number of viable cells before the shock event was 
in the order of 10
8
 CFU/ml. The 0 on the ordinate axis represents the case of complete 
inactivation. In the experiment, a high-speed projectile was fired at an aluminum 
container containing the marine Vibrio sp. (Mimura 2007). From the figure, we can see 
that the number of viable cells decreased exponentially up to an impact velocity of 115 
m/s, and it was possible to attain complete inactivation of the cells with velocities more 
than 115 m/s. The pressure, 200 MPa, under this condition was measured by a film 
piezo-gauge. This pressure was assumed to be the pressure behind the reflection of an 
underwater shock wave propagating in the aluminum container. Therefore, the critical 
pressure at which the marine Vibrio sp. is completely killed is assumed to be from 100 
MPa to 200 MPa. In the hybrid analytical model, the critical pressure was set to 200 
MPa. 
Based on the curve of the pressure attenuation behind the spherical rebound shock 
wave shown in Fig. 5.9, the radius of a sterilized space around a bubble was determined 
for the critical pressure of 200 MPa. The radius of the sterilized space was solved as rs = 
36 m. Therefore, the 1parameters were estimated to be 1.12 × 10
−8
 by Eq. 5.3.  
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 Fig. 5.9 Pressure attenuation curve of spherical shock wave front generated by first 
rebound of 50-m diameter microbubble located 25 mm from discharge point 
 
 
Fig. 5.10 Number of viable cells vs. impact velocity and peak pressure from the work by 
Mimura (2007): the 0 on the ordinate axis indicates complete inactivation of the cells 
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Figures 5.11–5.17 show the pressure attenuation curves of the rebound shock waves 
for a 50-m diameter microbubble located 30–60 mm from the discharge point. At the 
critical pressure of 200 MPa, the values of the sterilized space radius rs in the 
probability model, 25–60 mm from the discharge point were obtained, as shown in Table 
5.1. Here, Rb was the bubble radius when a rebound shock wave was generated and 1 
was the parameter of the probability model in Eq. 5.5. 
 
Table 5.1 Calculation of radius of sterilized space 
 
 
Fig. 5.11 Analytical results of physical impact model for 50-m diameter microbubble 
located 30 mm from discharge point 
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Fig. 5.12 Analytical results of physical impact model for 50-m diameter microbubble 
located 35 mm from discharge point 
 
Fig. 5.13 Analytical results of the physical impact model for 50-m diameter 
microbubble located 40 mm from discharge point 
201 
 
 
Fig. 5.14 Analytical results of physical impact model for 50-m diameter microbubble 
located 45 mm from discharge point 
 
Fig. 5.15 Analytical results of physical impact model for 50-m diameter microbubble 
located 50 mm from discharge point 
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Fig. 5.16 Analytical results of physical impact model for 50-m diameter microbubble 
located 55 mm from discharge point 
 
Fig. 5.17 Analytical results of physical impact model for 50-m diameter microbubble 
located 60 mm from discharge point 
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Next, we set out to estimate the cell viability ratio of the bio-experimental device used 
in the circular-flow water channel. If the number of microbubble rebounds is limited to 
one, parameter M in Eq. 5.5 can be regarded as being the number of microbubbles within 
a reference volume V. Here, the frequency of the electric discharge was 1 Hz, and the 
microbubbles in the targeted section were always being replaced with new microbubbles 
because water containing the microbubbles was circulated through the test chamber by a 
pump. Therefore, when the number density of the microbubbles in the targeted volume of 
V (m
3
) is N (m
−3
), the number of microbubbles within the reference volume is written as  
   𝑀 = 𝜌𝑁𝑉. (5.7) 
Next, we consider parameter M in Eq. 5.7 according to the present bio-experimental 
conditions, as follows: 
   𝑀 =
𝑚𝑎𝑖𝑟
𝑚𝑤
𝑉
4 3⁄ 𝜋𝑅0
3  ,   (5.8) 
where mair is the volume flow rate of air supplied to the microbubble generator, mw is the 
volume flow rate of water supplied by a pump, R0 is the initial radius of the microbubble, 
and V is the volume exposed to the electric discharge shock waves. Table 5.2 shows the 
parameter values for the experimental devices. Substituting the values into Eq. 5.8, we 
obtained M = 9.55 × 10
6
 as the number of microbubble collapse events in volume V per 
unit time. However, the value of V does not affect the results because V is eliminated from 
the calculation process of 1M in Eq. 5.5.  
 
Table 5.2 Parameters of experimental devices 
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  Finally, the cell viability ratio after M collapse events M was obtained every 5 mm at 
25–60 mm from the discharge point, as shown in Table 5.3. The average of M within 
every area in the targeted section was calculated and then multiplied by the ratio of the 
volume V to the total volume of the circular-flow water channel, that is, 4 l, considering 
the initial concentration of 1.3 × 10
6
 cfu/ml to predict the sterilization effect in the 
circular-flow water tank. 
 
Table 5.3 Calculation of probability model 
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  Figure 5.18 compares the bio-experimental results and hybrid analytical estimates at 
Pcr = 200 MPa for the viability ratio of the marine bacteria based on the circular-flow 
water tank. In this figure, the solid squares with error bars represent the average values 
of the experimental results. The green solid lines were predicted by the hybrid analytical 
method considering only the incident shock wave. Next, by adding the action of the 
reflected shock wave in the targeted area to the hybrid analytical method, the estimation 
of the number of viable cells is presented using the blue curve. It was found that the 
estimation considering both the incident shock wave and reflected shock wave closely 
approached the results of the bio-experiments.  
Considering the sterilization effect of the reflected shock wave, estimation was 
performed using the hybrid analytical method with different critical pressures, as shown 
in Fig. 5.19. From the hybrid analytical solutions, we can see that the viability ratio 
decreased with the critical pressure. The solid line corresponding to Pcr = 200 MPa, as 
predicted by the hybrid analytical model, was in relatively good agreement with the 
bio-experimental results. Next, the bio-experimental results were substituted into the 
hybrid analytical method and the broken line for 150 MPa was obtained as the best 
fitting curve for representing the real tolerance pressure for the marine Vibrio sp.. We 
believe that the hybrid analytical model provides a reasonable means of estimating the 
sterilization effect of microbubbles interacting with shock waves on marine bacteria. 
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Fig. 5.18 Comparison of hybrid analytical estimation and bio-experimental results  
for viability ratio of marine bacteria in circular-flow water tank 
 
 
Fig. 5.19 Comparison of hybrid analytical estimation and bio-experimental results for 
different marine bacteria tolerances to shock pressure 
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Figure 5.20 shows the time variations of the viability ratio of the marine Vibrio sp. 
predicted by the critical pressure Pcr = 150 MPa for different number densities of 
microbubbles. The number density in the present study was N0 = 2.67×10
11 
m
-3
. These 
solutions show that the sterilization effect increased considerably with the number 
density, according to the hybrid analysis. However, a large number density of 
microbubbles could prevent the propagation of external shock waves, and so it is not 
thought that merely increasing the bubble number density would improve the 
sterilization effect in experiments.  
  
 
Fig. 5.20 Time variation of viability predicted by hybrid analytical method using critical 
pressure Pcr = 150 MPa for different number densities of microbubbles 
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5.3.3 Concluding Remarks 
A hybrid analytical model, consisting of a biological probability model of the cell 
viability ratio and a physical impact model of the interaction of a microbubble with a 
shock wave, has been proposed as a means of predicting the cell viability ratio of a means 
of killing marine bacteria using shock waves generated by microbubble collapse. It was 
assumed that a microbubble exposed to a planar shock wave would maintain its spherical 
shape during the collapsing motion and thus generate a spherical rebound shock wave. 
The hybrid analytical method was used to predict the sterilization effect in a 
circular-flow water tank. The following conclusions can be drawn: 
(1) Using the hybrid analytical method, the sterilization effect was estimated by 
assuming a critical pressure of 200 MPa according to the tolerance to shock waves 
of the marine Vibrio sp..  
(2) Thus, the solutions produced by the hybrid analysis were in good agreement with the 
bio-experimental results, and the critical pressure for the marine Vibrio sp. was 
estimated to be about 150 MPa. Therefore, the hybrid analytical method can predict 
the sterilization effect of microbubbles interacting with shock waves on marine 
bacteria. On the other hand, the shock wave sterilization method would produce a 
higher sterilization effect when applied to marine bacteria with a low tolerance to 
shock waves.  
(3) According to the hybrid analytical method, the sterilization effect increased 
considerably with the number density. However, a large number density of 
microbubbles would probably prevent the propagation of incident shock waves, and 
hence it is not thought that simply increasing the bubble number density would 
improve the sterilization effect.  
 
 
 
 
 
209 
 
5.4 Estimation for Narrow Water Chamber 
5.4.1 Analysis of Targeted Subject 
  Figure 5.21 shows the generation of cavitation bubbles behind an underwater shock 
wave, as observed by Koita et al. (2015). In the sequential images, an elastic wave (EW) 
can be observed at 2.7 s. Behind the underwater shock wave (SW), generated by an 
electric discharge, multiple waves were captured from 22.7 s. Koita et al. argued that 
these waves might be caused by the reflection of underwater shock waves at the 
interface between the air and the acrylic wall of the narrow water chamber. The 
generation of cavitation bubbles was found behind multiple waves. Furthermore, they 
used these images to analyze the number density of the cavitation bubbles, as shown in 
Fig. 5.22. In Fig. 5.22 (a), it was found that area at which the cavitation bubbles were 
generated was at 10–48 mm from the discharge point. Figure 5.22 (b) shows the 
distributions of the number density of these cavitation bubbles. The number densities of 
these cavitation bubbles were 1.8 × 10
7
, 1.8 × 10
7
 and 1.6 × 10
7
 m
−3 
in the areas 10 mm 
to 20 mm, 20 mm to 30 mm, and 30 mm to 48 mm from the discharge point, 
respectively.  
 
Fig. 5.21 Generation of cavitation bubbles behind underwater shock waves  
as observed by Koita et al. (2015) 
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Fig. 5.22 Distribution of number density of cavitation bubbles generated behind 
multiple waves, as observed by Koita et al. (2015) 
 
 
 
Fig. 5.23 Target area of narrow water chamber analysis using hybrid analytical method 
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Figure 5.23 shows the analytical subject of the narrow water chamber using the 
hybrid estimation method. Based on the above, bio-experiments were carried out in the 
silicone bag located 20 mm from the discharge point, as shown in Fig. 5.23 (a). Given 
the optical observation shown in Fig. 5.22, the targeted area of the hybrid analysis in 
which marine bacteria were killed was set to an area 20 mm to 48 mm from the 
discharge point within the silicone bag. To estimate the sterilization effect of the narrow 
chamber using the hybrid estimation, the following assumptions were made: 
(1) According to the optical observations of the cavitation bubbles by Koita et al. 
(2015), the length per pixel in the image was about 100 m, although they also 
found the bubbles with diameters less than 100 m. Nevertheless, the mean 
diameter of these cavitation bubbles was assumed to about 100 m in the hybrid 
estimation.  
(2) Second, it is difficult to take all the cavitation bubbles in the images because of 
the image capture conditions, such as the magnification of observation, the depth 
of field, and the optical method. Therefore, the precise measurement of the 
distribution of the number density of the cavitation bubbles in the targeted section 
is difficult. In the hybrid analytical estimation, the distributions of the number 
density shown in Fig. 5.22 were regarded as being the real distributions. On the 
other hand, the area in which the cavitation bubbles were generated was 
ring-shaped. To simplify the estimation in the targeted section, we assumed that 
the number density was constant in the rectangular section of ①, ②, and ③, as 
shown in Fig. 5.23 (b).  
(3) The bubbles were assumed to maintain their spherical shapes during the 
collapsing motion when they interacted with a planar incident shock wave in the 
narrow water chamber.  
(4) In Fig. 5.23 (b), the pressures in sections ①, ②, and ③ were assumed to vary 
in the y direction, but were constant in the x direction.  
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5.4.2 Results and discussion 
Figure 5.24 shows the peak pressures of the incident shock wave at points of 25, 35, 
and 45 mm from the discharge point in a narrow space, as measured using the FOPH 
2000. In the narrow water chamber, the incident shock waves were generated with a 
frequency of 1 Hz using a high-voltage power supply during the bio-experiments. 
Therefore, it was thought that the strong collapse of the cavitation bubbles was induced 
by the next incoming incident shock wave, and the pressure attenuation curve of the 
incident shock wave in this figure was applied to the hybrid analytical method. In 
addition, the incident shock wave front propagating in the targeted section was treated 
as a planar shock wave. 
 
 
Fig. 5.24 Peak pressure of incident shock wave at points of 25, 35, and 45 mm from 
discharge point, measured using FOPH 2000 in a narrow space 
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Figure 5.25 represents the analytical solutions to the Herring bubble motion equation 
for a microbubble with an initial diameter of 100 m, positioned 25 mm from the 
discharge point. In this analysis, the pressure behind the incident shock wave P∞ = 11.22 
MPa, the density of water = 999.7 kg/m3, the viscosity coefficient × −3 Pas, 
the surface tension= 74 × 10−3 N/m, and the specific heat ratio of air = 1.4 were used. 
From this figure, it can be seen that the bubble diameter reached a minimum after only 
0.46 s, with the bubble surface starting to contract with acceleration, with the surface 
speed finally becoming 870 m/s in the contraction direction. After the bubble radius 
reached a minimum, the bubble surface started to expand, after which the surface speed 
reached 326 m/s in the expansion direction.  
 
 
Fig. 5.25 Variations in bubble diameter and surface velocity with time for an initial 
100-m bubble located 25 mm from the discharge point 
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Figure 5.26 compares the bio-experimental results and hybrid analytical estimates of 
the viability ratio of the marine bacteria in the narrow water chamber. In this figure, the 
solid diamonds represent the average numbers of viable cells obtained from six sets of 
bio-experimental data. The solid lines indicate the estimates obtained with the hybrid 
analytical method. The green line was obtained using the distributions of the number 
density of the cavitation bubbles shown in Fig. 5.22. It was found that the hybrid 
estimations plotted as the green line differed greatly from the bio-experimental results. 
To estimate the difference between the experimental data and the numerical prediction, 
a numerical analysis was carried out using other number densities of the cavitation 
bubbles. The blue line corresponding to 2500 × N0 was obtained as the best-fitting 
curve for representing the bio-experimental results. Thus, we believe that the real 
number density of the cavitation bubbles generated behind the underwater shock waves 
is 2500 ×N0. 
 
 
Fig. 5.26 Comparison of viability ratio of marine bacteria in the narrow  water chamber 
as obtained by hybrid analytical estimation and in bio-experiments  
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5.4.3 Concluding Remarks 
  This section has described the application of the hybrid analytical method to the 
estimation of the sterilization effect in a narrow water chamber. Some assumptions 
related to the collapsing motion of cavitation as induced by incident shock waves were 
proposed in the hybrid estimation. Based on optical observations, the distributions of 
the number density of these cavitation bubbles were obtained and thus applied to the 
hybrid analytical estimation although the distributions would be lower than the actual 
values due to the imaging-capture conditions such as the magnification, depth of field, 
and the optical method. In exhibiting good agreement with the bio-experimental results, 
the hybrid analytical method was also capable of predicting the number density of these 
cavitation values, that is, 2500 ×N0. 
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5.5 Chapter Summary 
  A hybrid analytical method consisting of an impact model and a probability model 
was developed to predict the sterilization effect of the interaction between a 
microbubble and a shock wave when applied to the inactivation of the marine bacteria. 
The impact model was used to estimate the pressure attenuation behind a spherical 
shock wave generated by the first rebound of a microbubble. By assuming the critical 
pressure based on the tolerance to shock waves of the marine bacteria, the radius of the 
sterilized space around the bubble was obtained. Next, a probability model, constructed 
based on the sterilized space radius, was applied to the analysis of the viability ratio. 
Finally, the hybrid analytical method was used to predict the sterilization effect in the 
circular-flow water tank and the confined water chamber, respectively. The following 
conclusions can be drawn: 
(1) For the circular-flow water tank, the sterilization effects predicted by the hybrid 
analytical method were in good agreement with the bio-experimental results. 
Furthermore, the critical pressure for the marine Vibrio sp. was estimated to be 
about 150 MPa in the analysis. It is thought that the hybrid analytical method can 
provide a reasonable prediction of the effect on marine bacteria when using 
interaction of microbubbles with shock waves. 
(2) It is difficult to accurately determine the distribution of the number density of the 
cavitation bubbles generated in a narrow water chamber from optical images. This 
leads to a difference between the sterilization effect as determined by the hybrid 
estimation method and the effect determined by bio-experiments. However, the 
number density of these cavitation bubbles was predicted using the hybrid 
estimation method. The estimated value is thought to be reasonable. 
(3) When using the hybrid analytical method, it was found that the sterilization effect 
increased considerably with the number density. However, because a large number 
density of microbubbles prevents the propagation of incident shock waves, it is not 
thought that an increase in the bubble number density alone would improve the 
sterilization effect. 
217 
 
(4) Thus, the hybrid analytical method can also be applied to the estimation of related 
parameters such as the critical pressure for marine bacteria and the number density 
of the bubbles. 
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CHAPTER 6 
Summary 
  The shock wave sterilization method proposed by Abe et al. kills marine bacteria 
using the mechanical and biochemical action resulting from the rebound shock waves and 
free radicals generated by the collapse of microbubbles. To establish this new technique 
as a means of treating ships’ ballast water, this study has examined the effect of the 
shock wave sterilization both experimentally and analytically. First, theoretical, 
analytical, and optical approaches to microbubble behaviors as induced by incident 
shock waves were used to determine the optimal collapsing motion of a microbubble so 
that effective sterilization could be attained. Next, bio-experiments with the marine 
Vibrio sp. were carried out in three kinds of water tank to clarify the sterilization effects 
of microbubble/shock–wave interaction. Finally, a hybrid analytical method consisting 
of a biological probability model for cell viability and a physical impact model of a 
microbubble and a shock wave was proposed to estimate the shock sterilization effect. 
The conclusions of the dissertation were described as follows: 
(1) The theoretical solutions obtained from the Herring bubble motion equation indicate 
that the strength and pressure profile of a shock wave front are closely related to the 
collapsing motion of a microbubble, and the optimal bubble diameter resulting in a 
high sterilization effect is determined for the pressure profile of an incident shock 
wave. 
(2) Given the agreement between the experimental visualization and the solution to the 
Herring bubble motion equation, the microbubble motion induced by a shock wave 
exhibited an ideal spherical collapse because of the relatively large surface tension. 
(3) Effective sterilization was confirmed by bio-experiments with the marine Vibrio sp. 
using the collapse of microbubbles. On the other hand, a sterilization effect was also 
obtained without the supply of microbubbles but by inputting only an incident shock 
wave. The causes were thought to be the collapse of the cavitation bubbles 
generated behind the converging underwater shock waves. 
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(4) The marine bacteria were completely killed in a short time when only incident shock 
waves were introduced to a cylindrical water chamber and a narrow water chamber. 
In the cylindrical water tank, most of the bubbles were produced by the drawing of 
air into water due to the rapid oscillation of the water surface. In addition, the rapid 
oscillation of the silicone film was thought to generate underwater shock waves. On 
the other hand, the propagation of shear waves in the wall material of the narrow 
water chamber caused the generation of cavitation bubbles.  
(5) The bio-experiments showed that the collapse of microbubbles, as induced by an 
incident shock wave, plays a vital role in the shock wave sterilization method. A 
high sterilization effect requires a large number density of bubbles, a high shock 
pressure, and a high frequency of bubble collapse caused by the shock wave. In 
addition, it was also found that the numbers of viable cells decreased according to 
the same exponential function regardless of the initial concentration of the marine 
bacteria. 
(6) By comparing the estimates obtained with the hybrid analytical method with the 
results of the bio-experiments, it was proven that the method provides a reasonable 
means of predicting the shock wave sterilization effect. The method is also capable 
of estimating the related parameters such as the critical pressure needed to kill 
marine bacteria and the number density of the bubbles. 
(7) The hybrid analytical method indicated that the shock wave sterilization effect 
increased with the number density of the bubbles. However, an excessively large 
number of microbubbles resulted in the attenuation of incident shock wave. Thus, to 
obtain the best possible sterilization effect, it is necessary to determine the optimal 
number density of the bubbles according to the flow fields. 
(8) The BOS system was developed to measure the underwater shock waves. The 
rebound shock wave of a vapor bubble, as induced by an underwater electric 
discharge, could be precisely quantified using the BOS system, and thereby the 
system is expected to be applied to the pressure measurement of the rebound shock 
wave produced by smaller bubbles. 
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Given the above-mentioned conclusions, we can state that the shock wave 
sterilization method is capable of effectively killing the marine bacteria by using the 
collapse of microbubbles. Considering the safe and easy operation of this method, as 
well as its lower cost and high efficiency, this new technique would be remarkably 
competitive for practical application to the sterilization of the ships’ ballast water. If the 
sterilization technique were to be introduced for this application, it would be necessary 
to determine the installation conditions needed to attain of high sterilization effect with 
respect to the microbubbles and incident shock waves. This dissertation describes 
experimental and analytical approaches needed to clarify the required conditions, such 
as the optimal dimension and number density of the bubbles for an arbitrary incident 
shock wave, the sterilizing ability of different shock pressures, and the estimation of the 
sterilization effect for different marine bacteria, etc. 
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